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Anion exchange membranes (AEMs) have been a subject of research as 
hydroxide conducting polymer electrolytes in electrochemical devices like fuel cells and 
electrolyzers in recent years due to the alkaline conditions facilitating reaction kinetics 
and allowing for non-precious metal catalysts, which greatly reduces the cost. However, 
the wide-scale commercialization of the AEMs is impeded by the low ionic conductivity, 
high water uptake, poor alkaline stability, and poor mechanical properties of current 
materials. The primary objective of this study is to create anion exchange membranes and 
ionomers with improved properties, including high ionic conductivity (i.e. greater than 
100 mS/cm), excellent chemical stability under alkaline conditions, and low water uptake 
for better dimensional stability, compared to existing materials in the applications of fuel 
cells and electrolyzers. To achieve this objective, several new structures for polymeric 
anion exchange membranes were designed, and the corresponding structure-morphology-
property relationship was investigated. 
First, multiblock copolymers with partial fluorination and long head-group tethers 
was designed to improve the ionic conductivity, the alkaline stability, and lower water 
uptake of AEMs. A systematic study of the effect of the hydrophilic and hydrophobic 
block lengths and ion exchange capacity of partially fluorinated multiblock copolymer 
mPEs with long head-group tethers was undertaken to explore the relationship of the 
chemical structure, morphology and properties of the AEMs. The formation of ion 
conductive nano-channels for hydroxide ion transport due to nanophase separation of the 
multiblock copolymers greatly improved the ionic conductivity and reduced the water 
xviii 
 
uptake. Multiblock copolymer mPE-X5.4Y7-2 showed the highest ionic conductivity, 119 
mS/cm at 80 ℃, but not the highest IEC, because it formed efficient channels. Partial 
fluorination of the polymer backbone was used to lower water uptake of the membrane 
by increasing the hydrophobicity. From DSC measurements of the number of freezable 
water and bound water molecules, the number of bound water molecules per ion of two-
tether polymers was 4.5 to 5. In addition, the bound water played the dominant role in the 
hydroxide ion transport within the channels. The multiblock copolymer AEM showed 
good thermal, mechanical stability and excellent alkaline stability. Long head-group 
tether was used to improve the chemical stability of the membrane at high pH, as this 
structure prevents several possible degradation mechanisms of the commonly used 
benzylic structure. The ionic conductivity was hardly changed after soaking the 
membrane in 1 M NaOH solution at 60 ℃ for 1000 h. The mPEs AEM with higher ionic 
conductivity showed lower oxygen diffusivity and permeability, which means that the 
oxygen crossover problem was less severe.   
Second, the effect of the number of ionic groups in the hydrophilic segment on 
the morphology and properties of AEMs was studied. Multiblock copoly(arylene ether)s 
(mPEs) were synthesized with different ion exchange capacity (IEC) by attaching a 
different number of cationic head-groups via long alkyl chain tethers. The multiblock 
copolymer mPEs with 1, 2, 3 and 4 long alkyl chain tethered ionic groups on each repeat 
unit in hydrophilic block, resulting in different IECs, were compared. Only one head-
group tether can be attached on each hydrophilic repeat unit at a time. Thus, the tether 
amount can be precisely controlled. As the ionic concentration increased, the ionic 
conductivity and water uptake of the membranes increased. This was due to the increase 
xix 
 
of the size of ion conductive channels. 3-tether membrane showed the highest ionic 
conductivity/IEC, which means that its ionic groups were most efficient for contributing 
to the ionic conductivity. In addition, the number of freezable and non-freezable water 
molecules were investigated. 2, 3, 4-tether membrane showed similar number of bound 
water, while the number of freezable water increased with the number of ionic groups. 
The excess freezable water led to high water uptake and low ionic conductivity/IEC ratio. 
Therefore, 3-tether membrane showed the best properties, 130.6 mS/cm ionic 
conductivity and 58.3% water uptake, with an IEC of 1.83 meq/g. As the number of ion 
groups increased, the mechanical strength of the membranes declined.    
Third, the effect of the cationic groups (i.e. size, central atom, etc.) was 
investigated. Multiblock copoly(arylene ether)s (mPEs) with partial fluorination and two 
long alkyl head-group tethers on each hydrophilic repeat unit with quaternary trimethyl 
mmonium (TMHA), quinuclidium (ABCO), and tris(2,4,6-
trimethoxyphenyl)phosphonium (TTMPP) were synthesized. Their morphology and 
properties (i.e. ionic conductivity, water uptake, alkaline stability, mechanical and 
thermal properties) were compared in order to understand the effects of the size and type 
of cations on the morphology and physical properties. A larger cation led to larger ion 
channels. However, larger cation also caused lower IEC and consequently lower ionic 
conductivity despite the channel size of the cation. Quinuclidium showed low water 
uptake with a lower number of bound water for each ion pair. Tris(2,4,6-
trimethoxyphenyl)phosphonium showed high water uptake due to a large number of 
bound water. TMHA is the most stable cation after exposure to 1 M NaOH solution at 60 ℃ 
after 30 days, while quinuclidium showed a 22% ionic conductivity loss due to high 
xx 
 
hydroxide ion concentration in the local area of ionic groups caused by low bound water 
content. TMHA also had the best mechanical properties, while phosphonium was the 
poorest. Therefore, alkyl trimethylammonium appears to be the best cation head group 
among the three cations studied for this backbone. In addition, the membrane preparation 
method impacts the morphology and properties of the AEMs. Quaternization before 
membrane casting resulted in better properties than quaternization after membrane 
casting due to greater phase segregation.    
Lastly, a series of anionic ionomers was synthesized and tested in fuel cells and 
electrolyzers. These ionomers are based on a series of materials which include block 
copolymer AEMs with alkyl tethers that have been modified to be used as anion 
conductors. The ionomers were tested for their viability as anion conductors in the 
cathodic electrode for the cathode hybrid fuel cell and as the anodic electrode of an 
alkaline electrolyzer. In this case, the selected materials will be evaluated in both oxygen-
consuming (i.e. oxygen reduction reaction (ORR)) and oxygen-producing electrodes (i.e. 
oxygen evolution reaction (OER)). The two sets of results show similar trends: for a 
homopolymer, lower molecular weight materials provide superior performance compared 
to their higher molecular weight counterparts. Additionally, the introduction of phase 
segregation via block copolymer further increased performance in both types of devices. 
Future work on optimizing anionic ionomer materials in oxygen-based electrodes should 
be focused on reducing the molecular weight of phase segregated materials in order to 
optimize ionomeric performance. 
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CHAPTER 1. INTRODUCTION 
1.1 Anion exchange membranes and ionomers in electrochemical energy systems 
In recent years, attention has been paid to the development of environmentally 
benign and renewable energy technologies, which includes fuel cells as power sources for 
automotive and stationary use,1-3 water electrolyzers for hydrogen production,4-5 redox-
flow batteries for large-scale energy storage,6 and reverse electrodialysis for energy 
production.2, 7 The use of polymeric ion exchange membrane materials in these 
electrochemical energy conversion and storage systems have attracted increasing 
worldwide interests.  
Ion exchange membrane materials consist of polymer backbones with ion 
exchange sites that require water of solvation for effective ion transport to provide 
adequate device performance. The ion exchange groups are usually bound covalently to 
the polymer backbone. 
 
Figure 1.1 Representation of typical proton exchange membranes (left) and anion 
exchange membranes (right).3 
According to the ions being transported, the membranes can be divided into 
proton exchange membranes (PEMs), with fixed, negatively charged functional groups 
such as sulfonic acid, and anion exchange membranes (AEMs), with fixed positively 
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charged functional groups such as quaternary ammonium, as shown in Figure 1.13. PEMs 
have been developed and commercialized for many years.1-2, 8 Nafion® (DuPont) is the 
most well-known and widely used PEM material.1, 8 The high cost of the membrane 
materials and precious metal catalysts used in electrochemical devices due to the acidic 
condition are the main drawbacks of current PEMs. In the past decade, more and more 
attention has been attracted to AEM materials mainly due to the alkaline condition 
facilitating reaction kinetics, which enables the use of cheaper catalysts.2, 9-12  
Anion conductive materials have two main applications in the electrochemical 
devices.2 One is anion exchange membranes (AEMs) containing alkaline anions (i.e. OH-, 
Cl- and Br-), which are used as solid-state electrolytes to provide ion conduction between 
anode and cathode and separate the two electrodes. Another is anion exchange ionomers 
(AEIs), which are usually low molecular weight polymer electrolytes in either solution or 
dispersion form. AEIs are used as polymer binders to introduce anion conductivity in the 
catalytic layer of electrodes, mixed with catalysts and electron-conductive materials to 
form a three-phase boundary as the active reaction site. 
Anion conducting materials have a wide application in electrochemical systems. 
This work will focus on their applications in AEM fuel cells and water electrolyzers.  
1.1.1 AEM fuel cells 
As an alternative energy source to traditional fossil fuels, fuel cells have received 
more and more attention in recent years owing to their high efficiencies and low 
emissions.1-2 Fuel cells are electrochemical devices that directly convert chemical energy 
stored in fuels, such as hydrogen, to electrical energy. Ion exchange membrane fuel cell, 
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which uses ion exchange polymeric membrane as the solid electrolyte, is one of the most 
developed fuel cells. Basically, there are two types of ion exchange membrane fuel cells: 
proton exchange membrane (PEM) fuel cell and anion exchange membrane (AEM) fuel 
cell. 
 
(a)                                                                            (b) 
Figure 1.2 Schematic of (a) proton exchange membrane (PEM) fuel cell and (b) anion 
exchange membrane (AEM) fuel cell using hydrogen as fuel.9  
PEM fuel cells have been developed for a long time and have certain applications 
in portable devices and vehicle transportation.1, 8 However, the wide-scale 
commercialization is impeded by several obstacles, including sluggish oxygen reduction 
kinetics at the cathode due to acidic reaction condition, high cost of noble catalyst 
platinum, complex water management, and fuel crossover problem. The configuration of 
PEM is shown in Figure 1.2(a)9. Recently, more and more attention has been attracted to 
AEM fuel cells, which use anion exchange membranes as the electrolyte to conduct OH- 
ions.2, 9-12 The configuration of AEM fuel cell is demonstrated in Figure 1.2(b)9. Oxygen 
flows into the fuel cell and reacts with water and electrons to form OH- ions at the 
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cathode. OH- ions go through the anion exchange membrane to the anode and then 
combine with hydrogen to produce water and electrons. The high pH environment of 
AEM fuel cells addresses many of the shortfalls with PEM fuel cells: facile reaction 
kinetics, potential use of non-precious metal catalyst, and mitigated fuel crossover 
because of the opposite transportation directions of ions and fuels. However, the 
performance of AEM fuel cells is not as good as PEM fuel cells. It is mainly due to the 
limitations of current anion exchange membrane materials, including low ionic 
conductivity, high water uptake, and poor stability in high pH environment.  
1.1.2 AEM water electrolyzers 
Advanced water electrolysis is one of the most efficient and reliable approaches to 
produce hydrogen, which is an excellent energy storage medium, from renewable energy. 
Currently, two types of low-temperature water electrolysis have been developed: alkaline 
liquid electrolyte water electrolysis,5, 13 and proton exchange membrane (PEM) water 
electrolysis.14-15 In alkaline liquid electrolyte water electrolysis, non-noble metals can be 
used as the catalysts for the hydrogen and oxygen evolution reactions. The low cost of 
this approach makes it possible for large-scale hydrogen production. However, the 
insoluble carbonates precipitate formed by high concentration alkaline electrolyte and 
CO2 in the air can block the transport of reagents and products. Precise pressure control is 
also required to prevent gas crossover problem. PEM water electrolysis can overcome 
these drawbacks with the use of solid-state electrolyte. However, it has the disadvantage 
of high cost of precious metal catalyst and PEM materials.   
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Anion exchange membrane (AEM) water electrolysis is emerging from recent 
research, as it combines the advantages of PEM water electrolysis and liquid alkaline 
electrolyte water electrolysis.2, 4, 16 High pH operation condition makes it possible to 
employ non-precious metal catalyst and reduce the cost. In addition, the quaternary 
ammonium based membrane eliminates carbonate precipitation due to the absence of 
metal cations. The main limitations of AEM materials for water electrolysis, similar to 
fuel cells, include low ionic conductivity, poor alkaline stability, and poor mechanical 
stability.2, 4, 16-17 
 
Figure 1.3 Schematic of an alkaline membrane electrolyzer, and electrode and overall 
reactions.4 
The configuration of a typical AEM water electrolysis cell is shown in Figure 1.34. 
In general, an alkaline membrane water electrolysis cell is comprised of an anode for 
oxygen evolution reaction (including an anode gas diffusion layer (GDL) and anode 
catalyst layer (CL)), a cathode for the hydrogen evolution reaction (including cathode 
GDL and CL), bipolar plates, and an anion exchange membrane as the solid electrolyte. 
The insert figure (Figure 1.3) shows the porous microstructure of electrode catalyst layers, 
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where a three-phase boundary is formed by catalysts, ionomers, and gas pores. The 
hydrogen and oxygen evolution reactions take place on the three phase boundaries, which 
are the electrochemically active sites. Typically, water is fed into the cathode since water 
is consumed for the hydrogen evolution reaction to produce OH- ions. The OH- ions are 
then transported through the AEM to the anode, where hydroxide ions are oxidized to 
produce oxygen gas and water. The thermodynamic cell voltage for the overall reaction is 
1.23 V at 25 ℃. For effective production of hydrogen, the applied voltage is required to 
be greater than 1.23 V to overcome the overpotential of the electrochemical reaction 
processes and ohmic drop in the cell.  
1.2 Properties of AEM materials  
1.2.1 Desired properties of AEM materials 
 




The desired properties of AEM membrane materials include high ionic 
conductivity, sufficient chemical, thermal and dimensional stabilities, mechanical 
toughness, and low permeability to gas or liquid fuels.2, 9-12 The radar diagram, as shown 
in Figure 1.4, demonstrates the current and desired properties of anion exchange 
membranes.18  
Ionic conductivity is an intrinsic property of membranes, which characterizes the 
ion transport ability in the membrane. High ionic conductivity is essential to minimize the 
resistance of membrane electrolytes. Ionic conductivity is usually tested by an 
electrochemical impedance spectrometer. Water uptake is the percentage difference of 
the weight of the membrane in wet and dry form. Proper hydration is necessary for 
efficient ion transport in the membrane. AEMs need hydrated ions for efficient ion 
transport. However, excess water uptake can swell the membrane, leading to poor 
mechanical toughness of the membrane and flooding of the ion conductive channels, 
which will result in poor performance of the electrochemical devices. Chemical and 
thermal stabilities are of great importance as the typical operation conditions of AEM 
based electrochemical devices are high pH and relatively high temperature. Mechanical 
stability of AEMs is essential during the membrane fabrication process and device 
operation since a pressure difference usually exists between the two electrodes. Inhibiting 
gas or liquid fuel transport through the membrane also an important property since high 
permeability results in fuel crossover, which leads to the direct reaction of the reagents. 
This reduces the efficiency of the electrochemical devices.  
Most of the desired properties of AEM ionomers are the same as AEM membrane 
materials, including high ionic conductivity, low water uptake, and good alkaline 
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stability.2, 19 However, the requirement for the fuel and oxygen diffusivity and 
permeability are different from that of membranes. High fuel and oxygen transport is 
needed for efficient supply of reagents for electrode reactions.19 In addition, high 
mechanical toughness is not essential for AEM ionomers, as AEM ionomers are desired 
to have good solubility in common solvent and be easy to rearrange in the catalytic layer 
during the electrochemical device operation. So AEM ionomers are usually low 
molecular weight anion conductive polymers. However, AEMs membranes are typically 
high molecular-weight polymers, which can be cast into a stable and robust membrane 
without much deformation during fabrication and operation processes.    
1.2.2 Limitations of current AEM materials 
Compared to PEM materials, the main limitations of current AEM materials 
include low ionic conductivity, high water uptake, poor alkaline stability at high 
temperature, and poor mechanical stability.2, 9-12  
1.2.2.1 Low ionic conductivity 
The lower ionic conductivity in AEMs compared to PEMs is due to the inherently 
lower mobility of hydroxide ions and the weak basicity of the cation site.3 For example, 
the ratio of ion mobility between OH- and H+ is 0.57 in the limiting case of an infinitely 
dilute solution at 298K.20 Moreover, the ionic exchange group sulfonic acids in PEM are 
strong acids as the pKa of aryl sulfonic acid is estimated to be on the order of 1.
20 
However, quaternary ammoniums are comparatively weak bases with a pKb on the order 
of 4.20 Therefore, a considerable theoretical barrier to the dissociation of hydroxide ions 
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from quaternary ammonium ions exists, which impedes the efficient hydroxide ion 
conduction in AEMs.  
1.1.1.2 Degradation and alkaline stability 
Stability under alkaline condition is another obstacle to AEM development and 
commercialization.2, 9 Extreme conditions, such as high pH and high temperature, are 
usually required in electrochemical devices employing anion exchange membranes. The 
presence of hydroxide ions is required for facile reaction kinetics, and high temperature is 
desirable to decrease the use of catalyst by improving the kinetics, increase ionic 
conductivity, and aid in the removal of carbon dioxide form the system, where carbonates 
will be formed due to the presence of hydroxide ions. Therefore, the stability of AEMs in 
strongly alkaline environments (e.g. in the presence of nucleophilic OH- ions) has 
become the primary concern with the use of AEMs in electrochemical devices.  
The alkaline stability and degradation mechanism of AEMs have been studied for 




Figure 1.5 Degradation pathways for the reaction of OH- nucleophiles with 
benzyltrimethylammonium cationic (anion-exchange) groups. The dashed box shows the 
Hofmann Elimination degradation mechanism that can occur with alkyl-bound QA 
groups.2  
Benzyl-trimethyl ammonium (BTMA) is the most common cation group. Figure 
1.5 shows the possible degradation processes in the presence of OH- nucleophiles. The 
main degradation mechanism for benzyl trimethyl ammonium groups is via direct 
nucleophilic substitution (displacement) on the benzylic carbon or methyl carbon.21-22 
Elimination via ylide formation also exists.21, 23 Hofmann elimination can only occur 
when there are β-Hs present. Therefore, it cannot occur with BTMA structure.24 It used to 
be concerned that Hofmann elimination can occur with quaternary ammonium groups 
bound to longer alkyl chains, as shown in Figure 1.5 in dashed box, which makes it less 
stable than BTMA groups.25 However, more recent evidence suggests that this may not 
be the case. Several studies reported that long alkyl chain (especially >4 carbon atoms 
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long) tethered quaternary ammonium groups showed surprisingly good alkaline 
stability.26-29 The possible hypothesis is that the high electron density around the β-Hs in 
long alkyl side chains can inhibit Hofmann elimination.30 In addition, the steric shielding 
in the β-positions may also play a role in the good stability with long alkyl chains.31 Only 
in some very extreme conditions, Hofmann elimination reaction was reported in long 
alkyl chain tethered cationic groups.  
 
Figure 1.6 Structures of (a) imidazolium cations with isopropyl substitute,32 (b) 
phosphonium,33 (c) guanidinium,34 and (d) quinuclidium.19 
Other cation groups, such as imidazolium,35-36 phosphonium,33 and guanidinium37 
have also been studied as alternatives of BTMA. For instance, Xu and co-workers38 
synthesized PPOs based AEMs with imidazolium cationic groups, which showed OH- 
conductivity higher than 100 mS/cm at 80 ℃ and good chemical stability. Gu et al.32 
investigated the alkaline stability of a variety of imidazolium cations with various N3-
substitutes including methyl, butyl, heptyl, dodecyl, isopropyl, and diphenylmethyl 
groups via NMR analysis and density functional theory calculations. Their results showed 
that the isopropyl substituted imidazolium cation with the highest LUMO energy value, 
which is shown in Figure 1.6(a), exhibited the highest alkaline stability in aqueous NaOH. 
The imidazolium cations exhibited higher alkaline stability than BTMA. Yan et al.33 
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reported a bulky phosphonium cation structure as the ionic exchange groups in AEMs, 
which is shown in Figure 1.6(b). It showed a high ionic conductivity of 45 mS/cm at 20 ℃ 
and no degradation in 1 M NaOH at 60 ℃ for one month. A guanidinium cation, as 
shown in Figure 1.6(c), was also investigated in AEMs with a higher ionic conductivity 
due to the high alkalinity (high pKa) of guanidinium hydroxide, which leads to an 
augmentation of both the number of dissociated hydroxides and water molecules.39 The 
inherent charge delocalization from the resonance structure of the guanidinium also 
improved the chemical stability of the material.39 For example, Xu and co-workers38 
synthesized PPO based AEMs with guanidinium cations. A high ionic conductivity of 71 
mS/cm at room temperature and no degradation in 1 M NaOH at 25 ℃ for 200 h were 
observed. Zhou and co-workers40 synthesized poly(arylene ether) ionomers with pendant 
quinuclidium cations, as shown in Figure 1.6(d). Higher fuel cell performance was 
observed using these ionomers than their counterparts with BTMA cations in the 
electrodes. 
In addition to cation stability, backbone stability is another issue. A wide range of 
polymer backbone structures including, polyphenylenes,41 poly(phenylene oxide)s,28, 42 
poly(arylene ether sulfone)s,40, 43 and poly(arylene ether)s44 have been investigated. No 
systematical study of polymer backbone stability has been reported. However, some45-46 





Figure 1.7 Potential degradation mechanism of aryl-ether cleavage occurring (a) at the 
polymer backbone with sulfone and ketone groups, 46 (b) in the ether linkage with BTMA 
substituted aryl group of PAEs.45 
The presence of electron-withdrawing groups such as sulfone and ketone groups 
in the aromatic polymer backbone will activate aryl-ether linkage for hydrolysis via 
nucleophilic attack, as shown in Figure 1.7(a).46 The aryl-ether cleavage of quaternized 
poly(arylene ether)s (PAEs) is likely to occur in the ether linkage with BTMA substituted 
aryl group, as shown in Figure 1.7(b).45 No degradation was observed in non-
functionalized PAEs without BTMA groups after storage in 0.5 M NaOH at 80 ℃ for 2 
days.  
In order to design AEMs with better alkaline stability, it is essential to understand 
the degradation mechanisms. NMR has been the most commonly used technique to 
monitor degradation. Other techniques have been reported as well, such as Raman, 





Figure 1.8 Byproducts identified after cation degradation studies (where X = OH or 
OD).27 
Bae and co-workers27 reported the byproducts after degradation of a variety of 
cationic groups attached on small molecule benzene, as shown in Figure 1.8. The cation 
stability was investigated in pure OH- (or OD-) form in water without excess alkaline 
solution by utilizing an Ag2O-mediated ion exchange reaction. From quantitative NMR 
analysis, three cation structures including MnPr, MCH, and TMHA, showed greater 
alkaline stability than the well-known TMA. Two QA-model compounds (DABCO-1 and 
DMHA) showed comparable stability. The other six compounds showed worse stability 
compared to TMA. The degradation products shown in Figure 1.8 will be good 
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indications of degradation mechanisms, such as Hofmann elimination and nucleophilic 
substitution.  
Pivovar et al.47 developed a reliable and standardized method to determine cation 
degradation under conditions similar to those expected in electrochemical devices. They 
investigated a number of experimental variables including reaction vessel, heating 
method, the use of internal (NMR) standards, ionic group concentration, and different 
aqueous environments (most notably D2O and H2O). The resulting method employed a 
relatively high base concentration of 2 M, a relatively low cation concentration of less 
than 0.1 M, the removal of deuterated solvents, and Teflon lined Parr reactors placed in 
convention ovens. This method allowed reproducible degradation rates at accelerated 
temperatures.  
1.3 Multiblock copolymer AEMs and phase segregation  
AEMs with high ionic conductivity (i.e. > 100 mS/cm at 80 ℃) and low water 
content are desired for efficient fuel cell operation.2, 9, 48 The ionic conductivity is 
determined by two factors: ionic mobility and ion exchange capacity (IEC).48 Increasing 
IEC by attaching more cationic groups is easier but with the sacrifice of higher water 





Figure 1.9 General strategies for the development of phase segregated AEMs (b-g) 
compared to a benchmark homopolymer system (a).2 (The rectangles represent a polymer 
block.) 
Using a block copolymer structure is one of the strategies to obtain well-defined 
nano-channels, because block copolymers can form nanophase separation on a nanometer 
scale due to the thermodynamic incompatibility between hydrophilic and hydrophobic 
blocks. These can form a variety of self-assembled morphologies including spheres 
arranged on a cubic lattice, hexagonally packed cylinders, interpenetrating gyroids, and 
alternating lamellae.49 General strategies for the development of block copolymers with 




Figure 1.10 Representation of structure of multiblock copolymers and multiblock 
copoly(arylene ether sulfone)s with benzyl trimethyl ammonium.40 
It has been reported that multiblock copolymers have higher ionic conductivity 
and lower water uptake than their corresponding random copolymers with the same 
IEC.40, 50 Park et al.40 prepared anion conductive aromatic multiblock copoly(arylene 
ether sulfone)s, shown in Figure1.10, by polycondensation, chloromethylation and 
quaternization reactions. It was found that the multiblock copolymer membrane had 
higher ionic conductivity (37.7 mS/cm) than that of the random copolymer counterpart 
(13.6 mS/cm) at 60°C with the same IEC. Watanabe and co-workers
50 synthesized 
multiblock copoly(arylene ether)s with clustered ionic groups in the hydrophilic blocks. 
Similarly, higher hydroxide conductivity was observed in the multiblock copolymer 
membranes than in the random copolymer ones. They attributed this to interconnected 
ion transport pathways formed by phase separation, which was confirmed by scanning 
transmission electron microscopy (STEM). Therefore, utilizing multiblock copolymer 
structures with well-developed phase-separated nano-channels appears to be effective for 
improving the ionic conductivity of AEMs without sacrificing other essential properties 
such as mechanical and dimensional stability. In multiblock copolymer membranes, the 
ionic groups are locally concentrated to hydrophilic domains to form channels for ion and 
water transportation.  
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Multiblock copolymer membranes with different hydrophilic and hydrophobic 
block lengths show different ionic conductivity and water uptake properties. The reason 
is that ionic channels of different sizes are formed due to phase separation of different 
block lengths. In addition, the IEC will be different for different block lengths. Li et al.51 
prepared multiblock copolymers with fluorene-containing hydrophilic segments densely 
functionalized by side-chain quaternary ammonium groups. They showed that AEMs had 
different ionic conductivity and water uptake with different block lengths, and found that 
at a given length of hydrophilic block, the membrane peaks in small angle X-ray 
scattering (SAXS) patterns shifted slightly towards higher q values (smaller domain size) 
as the length of hydrophobic block increased, which could be attributed to hydrophobic 
structures driving the ion clusters to be aggregated. Lai and co-workers52 synthesized 
phenolphthalein-based poly(arylene ether sulfone nitrile)s multiblock copolymers with 
different hydrophilic block lengths but the same hydrophobic block length. They 
observed larger hydrophilic domain sizes as well as more pronounced and developed 
interconnectivity of ion domains in atomic force microscopy (AFM) phase images and 
SAXS patterns, as shown in Figure 1.1152, by increasing the hydrophilic block length. 
Ionic conductivity and water uptake also increased with the increase of the hydrophilic 




Figure 1.11 (a) AFM phase images (b) SAXS patterns of AEMs with different 
hydrophilic block lengths and same hydrophobic block lengths.52 
The presence and morphological structure of the nano-channels are usually 
characterized by AFM, transmission electron microscopy (TEM), and SAXS.3 AFM 
phase images provide information of the surface morphology of membranes. TEM 
experiments are usually performed on ~100 nm cross-sectioned films cut by 
ultramicrotomy. SAXS gives information on the domain size averaged over the entire 
sample but not visualized.   
1.4 AEMs with tailored side chains 
Ionic exchange groups, which are cationic groups in AEMs, can be attached to 
polymer backbones via different strategies and configurations. Among all the side chain 
configurations in recent research, tethering cations via pendant long alkyl spacers appears 





Figure 1.12 Structures of different polymers with cationic groups on flexible alkyl 
spacers: (a) polyphenylene,41 (b) PPO-7Q,28 (c) polyfluorene,26 (d) polypropylene,53 (e) 
poly(biphenyl alkylene).54 
Figure 1.12 summarizes the structures of polymers with cationic groups on 
flexible alkyl spacers in the literature. Several synthetic approaches to these structures 
were reported. Hibbs41 prepared poly(phenylene)s based anion exchange membrane 
carrying QA groups via hexyl spacers, as shown in Figure 1.12(a) by Friedel-Crafts 
acylation, reduction of the resulting ketone linker, and quaternization using 
trimethylamine. Less than 5% loss in ionic conductivity was observed in 4 M NaOH 
solutions after 14 days. Dang et al.28 synthesized poly(phenylene oxide)s (PPO) 
functionalized with QA via heptyl spacer (Figure 1.12(b)). PPO was first lithiated in 
solution, and then reacted with an excess of 1,6-dibormohexane to introduce 
heptylbromide side chains before quaternization by trimethylamine. With an IEC of 1.8 
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mmol/g, the conductivity of the membrane reached 85 mS/cm at 80 ℃. No structural 
change in 1H NMR spectra was observed over 192 h in 1 M NaOH solution at 80 ℃. Lee 
and co-workers26 synthesized polyfluorenes (Figure 1.12(c)) with QA groups attached on 
hexyl spacers using Pd catalyzed Suzuki coupling of premade bromoalkylated monomers, 
followed by quaternization using trimethylamine. The OH- conductivity was reported to 
be 24 and 85 mS/cm at 30 and 80 ℃, respectively. No significant change in the 1H NMR 
shifts or IEC was observed in the AEMs after being soaked in 1 M NaOH at 80 ℃ for 
720 hours. Semicrystalline polypropylene (PP) with QA groups on hexadecyl spacers 
(Figure 1.12(d)) was reported by Zhang et al.53 via heterogeneous Ziegler-Natta catalyzed 
polymerizations. The AEMs maintained OH- conductivity at 57 mS/cm at 80 ℃ with a 
low water uptake of 21%. The membranes retained more than 85% of OH- ionic 
conductivity after storage in 5 M NaOH solution at 80 ℃ for 700 hours. 
By tethering cations via long alkyl spacers instead of benzylic groups, the alkaline 
stability of AEMs at high temperature (i.e. 80 ℃) is greatly improved, as the new 
structure avoids the unstable BTMA groups. For instance, Hibbs41 reported that the 
membrane with trimethylammonium cations attached by a hexamethylene spacer showed 
better stability than the membrane with benzyl trimethylammonium cations in 4 M KOH 
at 90 ℃. Bae and co-workers27 reported that QA groups attached via six-carbon alkyl 
spacer was the more stable structure in alkaline solutions by comparing various cationic 




Figure 1.13 Structures and properties of PPO functionalized with different cationic alkyl 
side chain designs.28 
Attaching long alkyl side chains is also one of the strategies to facilitate the 
formation of nano-channels as ion transport pathways. With the addition of the long alkyl 
side chains, the polymer becomes a comb-shaped or a grafted polymer configuration. 
This configuration can facilitate the nanophase separation between the conductive 
domains and nonconductive domains. For instance, Jannasch and co-workers28 prepared 
and compared the morphology and properties of a series of PPOs with cationic alkyl side 
chains of different lengths and configurations, as shown in Figure 1.13. In particular, they 
investigated the effect of different side chain configurations based on spacer unit in-
between the QA groups and the polymer backbone, as well as alkyl extension pendant to 
the QA group. It was showed by SAXS results that the flexible spacer units greatly 
facilitated efficient ionic phase separation, regardless of the location of the extender chain. 
In addition, the membrane with only long alkyl spacers had the highest OH- conductivity, 
exceeding 100 mS/cm at 80 ℃, as well as the best alkaline stability. No change in 1H 
NMR was observed after storage in 1 M NaOH solution for 8 days. 
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1.5 Water mobility in ion exchange membranes 
Water absorbed in the ion exchange membrane exists in three different states: (1) 
free water that are identical to bulk water frozen at 0 ℃, (2) freezable water that is 
slightly interacted with ion exchange groups frozen at subzero temperatures, but still 
moves freely in the membrane, (3) non-freezable water that is strongly bound to ion 
exchange groups or a polar polymer matrix. It is essential to understand the states of 
water in the membranes for the operation of polymer electrolyte fuel cells and 
eletrolyzers, particularly at high and low temperatures. As only non-freezable water 
remains in the membrane under the dehydrated condition at high or low temperature (i.e. 
above 100 ℃ or below 0 ℃), the cell start-up speed and electrical properties are mainly 
determined by non-freezable water content.55-56 The state of water is also crucial to 
improve the ionic conductivity. Several studies have attempted to elucidate the 
relationship between the amount of water in different states and ionic conductivity.57-58 
The types of ion transporting mechanism in the membranes can also be explained by 
studies about the water state because various ion transporting mechanisms are closely 
related to the proximity of water to the ion exchange groups.  
Several techniques have been employed to study the states of water in the 
membranes, including NMR relaxation time,40 FT-IR,58 dielectric relaxation 
spectroscopy,59 and differential scanning calorimetry (DSC),60-62 etc.  
DSC measurements can quantitatively identify the amount of water in different 
states by analyzing the different freezing behaviors. Since non-freezable water is strongly 
interacted with ion exchange groups and polymer matrix, it is not able to crystallize. 
Therefore, non-freezable water yields no heat flow in DSC thermogram. However, the 
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freezable water moves freely in the membranes and weakly interacts with the ion 
exchange groups. This state of water produces an exothermic peak at temperatures below 
0 ℃ during a cooling scan in DSC thermogram. Then the amount of freezable water can 
be calculated by the value of freezing temperature depression and the freezing enthalpy 
of the exothermic peak. DSC technique is very facile and efficient in differentiating the 
two states of water and quantifying the amount. Several studies have been attempted to 
use DSC to study the water mobility in PEMs and correlate it with ionic conductivity.60-62 
NMR relaxation times can sensitively reflect the rate and the nature of molecular 
motions within a confined geometry, as the principle of NMR relaxation process is the 
energy exchange of one proton spin with other proton spins and the energy exchange 
between the spin system and the surrounding lattice. NMR spin-lattice (T1) and spin-spin 
(T2) relaxation times provide direct indications of the restricted motions of water in 
confined environments or near surfaces. NMR relaxation time can be used to obtain 
quantitative water mobility in the membranes. Relaxation time T1 has been used to 
examine water confinement and physical interactions of water molecules with the 
polymer in Nafion.63 Park et al.40 compared water mobility in random and block 
copolymer AEMs by analyzing bound versus free water through relaxation time T2. It 
was indicated that block copolymer membrane showed shorter T2, which means water is 




1.6 Research objectives and strategies 
The primary objective of this study is to create anion exchange membranes and 
ionomers with improved properties, including high ionic conductivity (i.e. greater than 
100 mS/cm), excellent chemical stability under alkaline conditions, and low water uptake 
for better dimensional stability, compared to existing materials in the applications of fuel 
cells and electrolyzers. To achieve this objective, several new structures for polymeric 
anion exchange membranes were designed, and the corresponding structure-morphology-
property relationship was investigated. The strategies have been proposed and 
implemented as follows.    
1.6.1 Multiblock copolymer with partial fluorination and long head-group tethers 
The molecular structure was designed to improve the ionic conductivity, the 
alkaline stability, and lower water uptake of AEMs: (1) Multiblock copolymer backbone 
was used to construct ion conductive channels through its phase segregation. The ionic 
channels can facilitate the ion transport and improve the ion mobility in the membrane. (2) 
Long head-group tether was used to improve the chemical stability of the membrane at 
high pH, as this structure prevents several possible degradation mechanisms of the 
commonly used benzylic structure. Long head-group tether also facilitates the phase 
segregation of the polymers. (3) Partial fluorination of the polymer backbone was used to 
lower water uptake of the membrane by increasing the hydrophobicity. Multiblock 
copolymer with different hydrophilic and hydrophobic block lengths, and different 
number of head-groups tethered in hydrophilic segments were synthesized and compared 
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to study the structure-morphology-property relationship and to identify the optimum 
AEMs. The details will be discussed in Chapter 3.  
1.6.2 Different number of ionic groups in hydrophilic segments 
This design was aimed at investigating the effect of ionic concentrations (or 
number of ionic groups) in hydrophilic block of the multiblock copolymers, which 
determines the ion exchange capacity, on the morphology and properties (i.e. ionic 
conductivity, water uptake, and mechanical strength) of AEMs. More ionic groups result 
in higher ionic exchange capacity. Typically, high ion exchange capacity can be achieved 
by increasing the number of ionic groups, which leads to high ionic conductivity, but 
high water uptake as well. The optimum number of ionic groups were selected with high 
ionic conductivity and acceptable level of water uptake. The details will be discussed in 
Chapter 4.      
1.6.3 Long alkyl chain tethered quaternary trimethylammonium, quinuclidium, and 
phosphonium cations 
Multiblock copolymers with long alkyl side chain tethered three cationic groups: 
trimethylammonium, quinuclidium, and phosphonium were designed and compared to 
understand the relationship between cation structure (i.e. size, central atom, etc.) and 
properties of AEMs, especially ionic conductivity and alkaline stability. Quinuclidium, or 
1-azaoniumbicyclo[2,2,2]octane, a quaternary ammonium cation formed by 
quaternization of a polycyclic amine 1-azabicyclo[2,2,2]octane (ABCO), was first 
reported by Zhou et al.19 as the ionomer for alkaline electrode in fuel cells. Quinuclidium 
has a larger van der Waals volume than the trimethyl ammonium head group, which may 
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facilitate the formation of larger ion conductive channels to enhance ion mobility in the 
membrane. Phosphonium cation has a central atom of phosphorus instead of nitrogen. 
Yan et al.33, 64 developed a stabilized quaternary phosphonium cation, benzyl tri(2,4,6-
trimethoxyphenyl)phosphonium, designed with nine methoxy groups to provide strong 
electron donation and steric hindrance. Quinuclidium and tri(2,4,6-
trimethoxyphenyl)phosphonium with long alkyl tethers were evaluated and compared 
with alkyl trimethylammonium. The details will be discussed in Chapter 5.  
1.6.4 Anion exchange ionomers performance in fuel cell and electrolyzer  
 A series of low molecular weight multiblock copoly(arylene ether)s and 
hydrophilic oligomers with 1 or 2 head-group tethers in each hydrophilic repeat unit 
based anion conductive ionomers were synthesized and tested in fuel cells and 
electrolyzers. The ionomers were tested for their viability as anion conductors in the 
cathodic electrode of fuel cells and as the anodic electrode of an alkaline water 
electrolyzer. In other words, the ionomers were evaluated in oxygen-consuming (i.e. 
oxygen reduction reaction (ORR)) and oxygen-producing electrodes (i.e. oxygen 
evolution reaction (OER)). The relationship between polymer properties (molecular 
weight, tether amount, and multiblock copolymer vs. homopolymer) and cell 
performance were systemically studied to find the optimum structure design for ionomer 






CHAPTER 2. EXPERIMENTAL METHODS 
2.1 Materials 
N,N’-dimethylacetamide (DMAc) was obtained from Alfa Aesar and dried by 
vacuum distillation at 130 °C over CaH2. Decafluorobiphenyl (DFBP), 4,4’-
(hexafluoroisopropylidene)diphenol (HFBPA), 6-bromohexanoyl chloride, AlCl3, 1,2-
dichloroethane, triethylsilane, trifluoroacetic acid, and quinuclidine were also obtained 
from Alfa Aesar. 4,4’-(9-fluorenylidene)diphenol (BPFL) was obtained from TCI Co. Ltd. 
Potassium carbonate (K2CO3) and dichloromethane (DCM) were purchased from BDH 
chemicals. Tris(2,4,6-trimethoxyphenyl)phosphine and 1-methyl-2-pyrrolidone (NMP) 
were purchased from Sigma Aldrich. All chemicals were used as received unless 
otherwise noted. 
2.2 Synthesis methods 
2.2.1 Synthesis of hydrophobic and hydrophilic oligomers 
 The synthetic procedure for the hydrophobic oligomer with x = 3.1 repeat units is 
as follows: DFBP (1.67 g, 5 mmol) and HFBPA (1.68 g, 5 mmol) were dissolved in 20 
mL DMAc in a 100 mL three-neck round bottom flask with a condenser under N2 
atmosphere at room temperature. K2CO3 (1.66 g, 12 mmol) was added to the solution and 
then the mixture was heated to 80 ℃ for 1 h. DFBP (0.5 g) was added to the mixture and 
allowed to react at 40 ℃ for 4 h to ensure that all the oligomers were hydroxyl-
terminated. The viscous solution was poured into deionized water to precipitate the 
product. The white solid was isolated by filtration, washed three times with deionized 
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water and dried overnight at 80 ℃ in a vacuum oven. Hydrophobic oligomers with a 
different number of repeat units were synthesized by controlling the reaction time.  
Fluoro-terminated hydrophilic oligomer with y = 3.6 repeat units was synthesized 
via a similar procedure. BPFL (1.75 g, 5 mmol) and DFBP (1.67 g, 5 mmol) were 
dissolved in 20 mL DMAc under N2 atmosphere. K2CO3 (1.66 g, 12 mmol) was added to 
the solution and the mixture was reacted at 80 ℃ for 1 h. BPFL (0.6 g) was added to the 
mixture and reacted at 40 ℃ for 4 h. After precipitation, filtration and drying, a white 
solid was yielded. Similarly, hydrophilic oligomers with different amount of repeat units 
were obtained by varying reaction time.  
2.2.2 Synthesis of multiblock copoly(arylene ether)s (mPEs) 
The hydrophobic oligomer (1.15 g, 0.5 mmol, x = 3.1) and hydrophilic oligomer 
(1.33 g, 0.5 mmol, y = 3.6) were dissolved in 20 mL DMAc at room temperature under 
N2. K2CO3 (0.15 g, 1.1 mmol) was added to the solution and the mixture was reacted at 
80 ℃ for 4 h. The viscous solution was poured into deionized water and white solid was 
precipitated out. The product was filtrated, washed with deionized water and dried 
overnight at 80 ℃ in a vacuum oven.  
2.2.3 Synthesis of BrKC6-mPEs (Friedel-Crafts acylation reaction)  
The synthesis method of BrKC6-mPEs was modified from literature41. Multiblock 
copolymer mPE-X3.1Y3.6 (1.00 g, 0.74 mmol hydrophilic repeat units) was dissolved in 
20 mL DCM in a flask under nitrogen atmosphere. The flask was chilled in an ice bath. 
6-bromohexanoyl chloride (0.45 mL, 2.96 mmol) and AlCl3 (0.40 g, 2.96 mmol) were 
added to the solution and warmed to room temperature. The mixture was reacted for 5 h 
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at room temperature. The solution was poured into 200 mL deionized water and heated to 
60 ℃ to evaporate the solvent. The product was dissolved in DCM and precipitated in 
deionized water three times to obtain a purified light yellow solid.   
2.2.4 Synthesis of BrC6-mPEs (reduction reaction) 
BrKC6-mPE-X3.1Y3.6 (1.14 g, 0.74 mmol hydrophilic repeat units) was dissolved 
in 20 mL 1,2-dichloroethane in a three-neck round bottom flask with a condenser at room 
temperature under nitrogen. Trifluoroacetic acid (3.1 mL, 40.7 mmol) and triethylsilane 
(0.59 mL, 3.7 mmol) were added to the solution. The solution was heated to reflux for 24 
h. Then it was cooled to room temperature and poured into a NaOH solution (1.63 g 
NaOH, 200 mL deionized water). The mixture was heated to 80 ℃ to evaporate the 
solvent. The product was isolated by filtration. The product was dissolved in DCE and 
precipitated in deionized water three times producing a white solid product.  
2.2.5 Synthesis of multi-tether BrKC6-mPEs and BrC6-mPEs 
Multi-tether BrKC6-mPEs and BrC6-mPEs were synthesized via repeated 
Friedel-Crafts reaction and reduction reaction described in the previous 2.2.3 and 2.2.4 
steps.  
2.2.6 Membrane casting, then quaternization, and ion exchange of membranes with 
quaternary ammonium 
BrC6-mPEs (0.20 g) was dissolved in 5 mL 1,2-dichloroethane and the resulting 
solution was filtered through a 0.45 μm poly(tetrafluoroethylene) (PTFE) membrane 
syringe filter into a 4-cm diameter aluminum dish. The solvent was evaporated in a tube 
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furnace at 40 ℃ under nitrogen for 18 h. The free-standing membrane was about 40-μm 
thick.  
The membrane with was quaternized as follows: immersion in 45 wt% 
trimethylamine aqueous solution at room temperature for 48 h. After being removed from 
the solution, the quaternized membrane with a bromide counter ion was washed with 
deionized water three times.  
The membrane was soaked in 1 M KOH solution under nitrogen for 24 h to 
exchange the bromide ions for hydroxide ions. After being washed with deionized water 
three times, the membrane was stored in deionized water.  
2.2.7 Quaternization and then casting of membranes with trimethyl quaternary 
ammonium 
0.5 g BrC6-mPEs polymer was soaked in 45% trimethylamine aqueous solution at 
room temperature for 48 h. After being dried, the polymer was dissolved in 10 mL 1-
methyl-2-pyrrolidone (NMP). The solvent was removed by pouring the mixture into a 4-
cm diameter aluminum dish to dry in a tube furnace at 40 ℃ under nitrogen for 5 days to 
obtain the membrane. 
2.2.8 Quaternization and then casting of membranes with quaternary quinuclidium 
0.5 g BrC6-mPEs polymer was dissolved in 10 mL 1-methyl-2-pyrrolidone 
(NMP), followed by the addition of quinuclidine (1:1 molar ratio). The reaction mixture 
was stirred at 60 ℃ for 48 h in an N2 atmosphere. After reaction, the solvent was 
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removed by pouring the mixture into a 4-cm diameter aluminum dish to dry in a tube 
furnace at 40 ℃ under nitrogen for 5 days to obtain the membrane.  
2.2.9 Quaternization and then casting of membranes with quaternary phosphonium 
0.5 g BrC6-mPEs polymer was dissolved in 10 mL 1-methyl-2-pyrrolidone 
(NMP), followed by the addition of tris(2,4,6-trimethoxyphenyl)phosphine (1:1 molar 
ratio). The mixture was reacted at 80 ℃ for 12 h under nitrogen. The mixture was then 
poured into a 4-cm diameter aluminum dish. The solvent was evaporated in a tube 
furnace at 40 ℃ under nitrogen for 5 days to obtain the membrane.  
2.3 Characterization 
2.3.1 Nuclear magnetic resonance (NMR) spectra 
The chemical structure of the oligomers and polymers were analyzed by a variety 
of NMR techniques, including one-dimensional 1H NMR and 19F NMR obtained with a 
Varian Mercury Vx 400 MHz spectrometer, two-dimensional heteronuclear single 
quantum coherence (HSQC) and one-dimensional nuclear Overhauser effect (NOE) 
obtained with a Bruker 500 MHz spectrometer. HSQC and NOE NMR spectra were used 
to identify the position of the tether attachment on the polymer backbone. Chloroform-d 
was used as the solvent for non-ionic samples and N, N-dimethylformamide-d7 was used 
for polar samples. Quantitative 19F NMR spectra were collected at 376.273 MHz with a 
12.5 s relaxation delay. The HSQC analysis employed 8 scans, 256 increments along t1, 
1024 data points along t2, and 145 Hz as one-bond coupling constant. The one-
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dimensional NOE spectra were used the DPFGSE-NOE pulse program, a mixing time of 
0.2 s, a relaxation delay of 2 s, and an acquisition time of 3.28 s.  
2.3.2 Gel permeation chromatography (GPC) 
The molecular weight of the polymers was determined by gel permeation 
chromatography (GPC) (Shimadzu) equipped with an LC-20 AD HPLC pump and a 
refractive index detector (RID-10 A, 120 V). Tetrahydrofuran (THF) was used as the 
eluent with at a flow rate of 1.0 mL/min at 35 ℃. The molecular weight was measured by 
a calibration curve based on polystyrene standards.  
2.3.3 Ionic conductivity 
The ionic resistance of the membranes was measured with a four-probe, in-plane 
electrochemical impedance spectrometer over the frequency range from 1 Hz to 1MHz 
with a PAR 2273 potentiostat. All samples were tested in HPLC-grade water under 
nitrogen to minimize the effect of CO2. The samples were equilibrated for 30 min prior to 




                                                                         (1) 
In Equation 1, σ is the ionic conductivity in S/cm, L is the length between sensing 
electrodes in cm, W and T are the width and thickness of the membrane in cm, 
respectively, and R is the resistance measured in ohms.  
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2.3.4 Ion exchange capacity (IEC) 
The ion exchange capacity was calculated by quantitative NMR analysis of the 
number of tethers with respect to the number of monomer units. We assumed 100% 
quaternization of the alkyl bromide tether. The IEC was calculated by Equation 2. 
    𝐼𝐸𝐶 =
𝑁𝑡𝑒𝑡ℎ𝑒𝑟𝑦
𝑀𝑏
                                                                   (2) 
Ntether is the number of tethers attached to each hydrophilic repeat unit, y is the number of 
repeat units for the hydrophilic block, and Mb is the molecular weight of block copolymer 
repeat unit for the overall IEC or the molecular weight of hydrophilic block for local IEC. 
2.3.5 Water uptake (WU) 




× 100                                                           (3) 
In Equation 2, Md is the dry mass of the membranes measured after being dried in 
vacuum for 24 h and Mw is the wet mass of the membranes without surface water. Both 
dry and wet membranes were in the OH- form and measured at room temperature.  
2.3.6 Hydration number (λ) 
The number of water molecules per ionic group, hydration number λ, was 
calculated using Equation 4. 
λ =  
1000 ×𝑊𝑈%
𝐼𝐸𝐶 ×18
                                                                     (4) 
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2.3.7 Number of freezable water (Nfree) and bound, non-freezable water (Nbound) 
molecules 
The number of freezable water (Nfree) and bound water (or non-freezable water) 
(Nbound) were determined by differential scanning calorimetry (DSC). DSC measurements 
were carried out on a DSC Q200 (TA Instruments). The membrane samples were fully-
hydrated by soaking in deionized water at least for one week. After the water on the 
membrane surface was wiped off, a 3 to 5 mg sample was quickly sealed in an aluminum 
pan. The sample was cooled to -50 ℃ and heated at a rate of 5 ℃/min under N2 (20 
mL/min). The quantity of freezable and non-freezable water was determined by 




× 𝜆                                                                 (5) 
Mfree is the mass of freezable water and Mtot is the total mass of water absorbed in the 






                                                              (6) 
Hf is enthalpy obtained by the integration of the DSC freezing peak and Hice is enthalpy 
of fusion for water, corrected for the subzero freezing point according to Equation 7. 
𝐻𝑖𝑐𝑒 = 𝐻𝑖𝑐𝑒
𝑜 − Δ𝐶𝑝Δ𝑇𝑓                                                            (7) 
ΔCp is the difference between the specific heat capacity of liquid water and ice. ΔTf is the 
freezing point depression.  
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2.3.8 Morphological characterization 
Small angle X-ray scattering (SAXS) was used to analyze the morphology of 
AEMs. Dry membranes in Br- form were tested in a Malvern Panalytical Empyrean XRD 
(Netherlands) with a Pixel 3D detector. The scattering experiments were performed using 
Cu Kα radiation with a wavelength (l) of 1.542 Å generated within a high brilliance 
micro focus sealed tube with shaped multilayer optics operating at 45 kV and 40 Ma. The 




                                                                      (8) 
where 2θ is the scattering angle. The characteristic separation length (d) (i.e. the Bragg 




                                                                         (9) 
The surface morphology of the membranes was analyzed by tapping mode atomic 
force microscopy (AFM) with an Asylum Research instrument. The probe (AC240TM-
R3, Olympus) with a cantilever spring constant of 1.5 N/m was used to take images of the 
samples at ambient temperature and 50% relative humidity. The Amp InvOLS was 109 
nm/V. The scanning frequency was 1 Hz. The measurements were conducted under the 
same conditions for each sample to keep consistency.  
Transmission electron microscopy (TEM) was also used to analyze the 
morphology of the membranes. TEM was performed on a JEOL JEM-1400 Transmission 
Electron Microscope. The membranes in bromide ion form were stained with osmium 
tetroxide at room temperature prior to examination. The stained membranes were 
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embedded within an epoxy resin, sectioned into approximately 50 nm thick samples with 
a Leica UC6rt Ultramicrotome, and placed on copper grids for observation. 
2.3.9 Thermal stability 
Thermal stability of the hydroxide form of the membranes was analyzed by 
thermogravimetric analysis (TGA) on a TA Instruments Q50 analyzer. The thermal 
degradation was evaluated at a heating rate of 5 ℃/min up to 800 ℃ in nitrogen.  
2.3.10 Mechanical properties 
The stress-strain relationship was investigated by dynamic mechanical analysis 
(DMA) using TA Instruments Q800 with controlled force mode. Rectangular membrane 
samples were fully hydrated and tested using tension clamps after removing surface water 
at 100% relative humidity. The experimental parameters were set as: preload force 0.05 
N, isothermal at 30 ℃, soak time 1 min, force ramp rate 0.5 N/min and upper force limit 
up to 18 N36.    
2.3.11 Alkaline stability 
The alkaline stability of the membranes was evaluated by soaking the OH- form 
membranes into 1 M NaOH in a Teflon lined Parr reactor at 60˚C for up to 1000 h to 
measure the changes in ionic conductivity. Before measurement, each membrane was 
thoroughly washed with deionized water. The ionic conductivity was determined in 
HPLC-grade water at room temperature.  
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2.3.12 Oxygen solubility, diffusivity and permeability  
The oxygen transport properties, including solubility, diffusivity and permeability, 
were measured using an intelligent gravimetric analyzer by Hiden Analytical Ltd. (IGA-
1). A membrane sample was placed in the chamber which was then evacuated for 24 h. 
Oxygen gas was introduced into the chamber in step increments of 250 mbar from 
vacuum to 1 bar. At each step, the mass was recorded until equilibrium was reached at 
each pressure to give the amount of oxygen absorbed by the sample at a given pressure. 
The oxygen solubility S (mass % per bar) of the membrane was calculated by the weight 
percent increase from vacuum to 1 bar oxygen pressure. The mass vs. time data for the 
step from vacuum to 250 mbar was used to estimate the oxygen diffusion coefficient, or 













2      (10) 
Mt is the mass of the membrane and absorbed oxygen at time t, M∞ is the mass at 
equilibrium and l is half of the thickness of the membrane in cm. The oxygen 




𝐷                                                    (11) 
ρ is the density of the membrane (g/cm3), which was measured by pycnometer to be 1.1 




CHAPTER 3. SYNTHESIS AND CHARATERIZATION OF 
ANION CONDUCTING MULTIBLOCK COPOLYMER WITH 
PARTIAL FLUORONATION AND LONG HEAD-GROUP TETHERS 
3.1 Introduction and objectives 
Anion exchange membranes with high ionic conductivity, low water uptake, and 
excellent mechanical and chemical stability are needed for the electrochemical devices, 
such as fuel cells and electrolyzers.2 In order to achieve these goals, a series anion 
conductive polymers composed of partially fluorinated multiblock copoly(arylene ether)s 
(mPEs) with long head-group tethers were designed, synthesized and characterized in this 
work. The multiblock copolymer structure was designed to utilize its nanophase 
segregation to form ion-conductive nano-channels to improve the ionic conductivity. 
Partial fluorination of the polymer backbone was used to reduce the water uptake of the 
membrane due to its high hydrophobicity. This design also targeted to improve the 
chemical stability by keep hydroxide ions away from the polymer backbone. The long 
alkyl chain as the head-group tether was designed to improve the alkaline stability by 
reducing the hydroxide ion attach of the ionic groups.  
In this work, multiblock copoly(arylene ether)s (mPEs) with partial fluorination 
and long head-group tethers were synthesized via polycondensation reaction, Friedel-
Crafts acylation reaction, reduction reaction, and quaternization. To our knowledge, this 
is the first time the long alkyl spacer structure was combined with multiblock copolymer 
backbone in AEM materials. Different hydrophobic and hydrophilic block lengths 
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containing one or two tethers per hydrophilic repeat unit were prepared. The size of the 
ion conductive nano-channels, ionic conductivity, water uptake, and the number of 
freezable water and bound water molecules per head-group were evaluated. The 
comparison is intended to help understand the relationship between structure, 
morphology and physical properties. The properties of multiblock copolymer membranes 
and pure hydrophilic oligomer were also compared. In addition, the oxygen solubility, 
diffusivity and permeability of the membranes were analyzed.  
3.2 Results and discussion 
3.2.1 Synthesis of anion conductive multiblock copolymer with long alkyl tethers 
The synthesis route is shown in Figure 3.1. The multiblock copoly(arylene ether)s 
(mPEs) backbone was synthesized via polycondensation reaction of individually prepared 
hydroxyl-terminated hydrophobic oligomers (X) and fluorine-terminated hydrophilic 
oligomers (Y). The long tethers connecting the ionic head-groups to the polymer 
backbone were attached to mPEs backbone via Friedel-Crafts acylation reaction with 6-
bromohexanoyl chloride and AlCl3. It was found that only one tether was attached per 
hydrophilic repeat unit in BrKC6-mPEs, even though there was excess 6-bromohexanoyl 
chloride reactant during the Friedel-Crafts reaction. This is due to the strong electron-
withdrawing effect of the ketone group within the tether, which reduced the reactivity of 
the aromatic rings. The ketone groups of side chains in BrKC6-mPEs were reduced to 
methylene groups by triethylsilane to produce BrC6-mPEs for better alkaline stability. 
After the ketone groups were reduced to methylene groups, the electron-withdrawing 
effect of the tether was eliminated and the aromatic rings were again susceptible to the 
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Friedel-Crafts acylation reaction. A second tether was attached on each hydrophilic 
repeat unit via Friedel-Crafts reaction and reduction reaction to synthesize two-tether 
2BrC6-mPEs. The reduction reaction products BrC6-mPEs and 2BrC6-mPEs were then 
quaternized by trimethylamine (TMA) with bromide counter ion. After soaking in NaOH 
solution, the bromide counter ions were exchanged with hydroxide ions. A series of 
multiblock copoly(arylene ether)s with different hydrophilic and hydrophobic block 









3.2.2 Structural analysis 
The chemical structure of the oligomers and polymers were analyzed by a variety 
of NMR techniques, including one-dimensional 1H NMR and 19F NMR, two-dimensional 
heteronuclear single quantum coherence (HSQC) and one-dimensional nuclear 
Overhauser effect (NOE).  
 
 
Figure 3.2 (a) 1H NMR spectrum of OH-terminated hydrophobic oligomer, and (b) 19F 
NMR spectrum of F-terminated hydrophilic oligomer. 
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The number of repeat units (x) of the hydroxyl-terminated hydrophobic oligomers 
was calculated according to the ratio of the integration of peaks a and a’ in the 1H NMR 
spectra shown in Figure 3.2(a). Similarly, the length of F-terminated hydrophilic 
oligomers (y) was determined by the ratio of peak 2 and 3 shown in Figure 3.2(b). The F-
terminated oligomers were converted into ion conducting hydrophilic blocks after 
attachment of the long tether and ionic head-groups. The hydrophobic and hydrophilic 
block lengths were summarized in Table 3.1.  
Table 3.1 Structural characteristics of mPEs multiblock copolymers. 
aMultiblock 
copolymer 
























 5.9 5 7.8 59.0K 2.22 
aH-1: pure hydrophilic oligomer; aX: hydrophobic blocks; aY: hydrophilic blocks; bx: 
number of repeat units in hydrophobic blocks; cy: number of repeat units in hydrophilic 
blocks; dN: number of repeat units in block copolymer; eMn: number-average molecular 
weight from GPC; fPDI: polydispersity index. 
The number-average molecular weight (Mn) and polydispersity (PDI) of mPEs 
were obtained by gel permeation chromatography (GPC), as shown in Table 3.1. The 









The long tethers connecting the ionic head-groups to the polymer backbone were 
attached to mPEs backbones via a Friedel-Crafts acylation reaction with 6-
bromohexanoyl chloride and AlCl3. The successful attachment of the tethers was 
confirmed by the 1H NMR spectrum of the acylation product BrKC6-mPEs, as shown in 
Figure 3.3(b). A new peak i at 2.95 ppm appeared after acylation compared to the 1H 
NMR spectrum of mPEs backbone structure, as shown in Figure 3.3(a). The new peak is 
attributed to methylene protons adjacent to benzyl carbonyl group. The appearance of the 
new peak at 7.95 ppm, the shift of peak h from 7.77 ppm to 7.81 ppm, and the 
disappearance of peak f at 7.28 ppm also confirmed the successful acylation reaction.  
Since there was no change in the peak positions and peak areas for the aryl 
protons a, b, c, and d in Figure 3.3(a) and 3.3(b), these sites are not possible locations for 
attachment of the tether. Due to the strong electron-withdrawing effect of the 
trifluoromethyl groups, the aryl protons a and b adjacent to them are unfavorable sites for 
the Friedel-Crafts reaction. This was shown separately by the unsuccessful Friedel-Crafts 
acylation of the pure hydrophobic oligomers. Aryl protons c and d on the hydrophilic 
blocks are sterically hindered. In addition, they are deactivated by the electron-




Figure 3.4 (a) Two-dimensional HSQC, and (b) one-dimensional NOE NMR spectra. 
Thus, the tethers could only be attached at sites e, f, g or h on the backbone, 
shown in Figure 3.3(a). Two-dimensional HSQC and one-dimensional NOE NMR 
spectra, as shown in Figure 3.4(a) and 3.4(b), respectively, were used to identify the 
location of the tether attachment. In order to simplify the experiment, the hydrophilic 
oligomer with one tether after Friedel-Crafts reaction was used as the sample. 
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In the HSQC spectrum, the cross peaks show the coupling of carbon and proton 
bonded nuclei. Cross peaks 1 and 2 show that the corresponding protons Ha were linked 
to two different carbons Cc and Cf. Thus, the peaks for these protons in the 
1H NMR 
spectrum are an overlapping peak composed of a singlet and a doublet peak. Similarly, 
cross peaks 3 and 4 show that the peaks of the corresponding protons Hb in the 
1H NMR 
spectrum are composed of two overlapping doublet peaks. The protons Hc for cross peaks 
5 and 6 were linked to carbon Cd and Ce, and show a doublet and triplet overlapped peak. 
The proton corresponding to cross peak 7 is a singlet peak and only linked to carbon Cg. 
There are two possible locations for the tether attachment which could show this set of 
peaks in the 1H NMR spectrum: f or g site.  
In order to further identify the tether attachment location, f or g, the one-
dimensional NOE spectrum, which identifies spatially close atom pairs, was obtained. In 
Figure 3.4(b), the upper trace is the 1H NMR spectrum of the aromatic protons of one-
tether hydrophilic oligomer, and the lower trace is the corresponding NOE difference 
spectrum obtained from irradiation of proton d at 7.23 ppm. It shows that NOE can be 
seen between the proton of a singlet peak at 7.98 ppm and proton d, which means that 
these protons have spatial proximity. This proves that the Friedel-Crafts reaction occurred 
at the f site instead of the g site. The resulting singlet peak is attributed to aryl proton e’ 
formed at the expense of the proton at f due to the attachment of tethers. The attachment 
at g site cannot result in the observed singlet peak.  
The number of tethers attached to each monomer was calculated from the ratio of 
the integrated peaks i and the sum of the aromatic protons, shown in Figure 3.3(b). It was 
found that only one tether was attached per hydrophilic repeat unit, even though there 
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was excess 6-bromohexanoyl chloride reactant during the Friedel-Crafts reaction. This is 
due to the strong electron-withdrawing effect of the ketone group within the tether, which 
reduced the reactivity of aromatic rings.  
As suggested by Hibbs41, protons in the α-position of ketones are known to be 
acidic due to the formation of enolate ions, so the α-protons on the side chains might lead 
to degradation reactions under alkaline conditions. It was also shown that the 
corresponding reduction product was more stable in the alkaline stability test. The ketone 
groups of sidechains in BrKC6-mPEs were reduced by triethylsilane to methylene groups 
for better alkaline stability. The appearance of peak p (2.60 ppm), assigned to the 
methylene group adjacent to aromatic ring, and the shift of peak i, assigned to the α-
protons, from 2.95 ppm to 1.60 ppm, in Figure 3.3(c) were clear evidence for the 




Figure 3.5 1H NMR spectra of (a) BrKC6-BrC6-mPEs, and (b) 2BrC6-mPEs. 
After the ketone groups were reduced to methylene groups, the electron-
withdrawing effect of the tether was eliminated and the aromatic rings were again 
susceptible to the Friedel-Crafts acylation reaction. Figure 3.5(a) and 3.5(b) show the 1H 
NMR spectra of the Friedel-Crafts reaction product with new tethers, BrKC6-BrC6-mPEs, 
and the corresponding reduction product 2BrC6-mPEs, respectively. In Figure 3.5(a), the 
1:1 ratio of the integration of peak areas of peak i’, assigned to the new methylene group 
adjacent to benzyl ketone group, and peak p shows that a second tether was attached to 




Figure 3.6 1H NMR spectrum of Q-mPEs. 
The one-tether BrC6-mPEs and two-tether 2BrC6-mPEs were quaternized by 
reaction with trimethylamine (TMA). Figure 3.6 shows the 1H NMR spectra of the 
quaternized multiblock copolymer Q-mPEs with one tether. The appearance of peak q, 
assigned to methyl groups of trimethyl quaternary ammonium ions, confirms the 
successful quaternization reaction. In addition, the 9:2 ratio of peak q to peak p (protons 
of methylene groups on the tether) shows that the methylene bromide was fully 





Figure 3.7 AFM phase images of mPEs membranes. 
AFM phase images of the membranes (500 × 500 nm) were obtained for 
morphology analysis. Hydrophilic-hydrophobic phase separation was found for all 
multiblock copolymer membranes. Each had a different domain size and size distribution, 
as shown in Figure 3.7 The dark regions correspond to the hydrophilic domains and the 
bright regions correspond to the hydrophobic domains.43, 52 The hydrophilic domains 
formed contiguous ion conductive nano-channels for ion transport. The resulting 
properties of the membranes, such as ionic conductivity and water uptake, were the result 
of the ion-channel size, density, and mobility of anions within the channels. The 
properties are summarized in Table 3.2. The sizes of the ionic channels were measured to 
be in the range of 7.8 to 22.5 nm. This channel size was determined by the length of the 
hydrophobic and hydrophilic blocks, tether size and number, and microstructure of the 
membrane. For example, mPE-X3.1Y3.6-1 and mPE-X3.1Y3.6-2 had the same backbone 
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structure with one and two tethers per monomer unit, respectively. The more tethers in 
mPE-X3.1Y3.6-2 resulted in a larger channel size. The channel size of mPE-X3.1Y8-2 was 
even larger, because it had a longer hydrophilic block. In addition, the pure hydrophilic 
oligomer based membrane, H-1, also showed a certain degree of phase segregation. 
However, the multiblock copolymer membranes consistently had a more uniform 
distribution of channel sizes. 
3.2.4 Properties  
3.2.4.1 Ion exchange capacity (IEC) and ionic conductivity 
Table 3.2 Channel size, IEC, ionic conductivity, water uptake, hydration number, Nfree 
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-2 11.3 ± 1.9 1.10 2.08 22.1 66.7 19.6 9.9 0.5 9.4 
a1, 2: the number of tethers on each hydrophilic repeat unit; bChannel size: calculated by 
the average size measured on AFM phase image; cOverall IEC: with respect to the 
multiblock copolymer; dLocal IEC: with respect to the hydrophilic block; eIonic 
conductivity: tested in hydroxide ion form; fWater uptake: measured at room temperature 
in hydroxide ion form.  
 
The overall IEC was calculated based on the multiblock copolymer, while the 
local IEC was calculated corresponding to hydrophilic blocks. As shown in Table 3.2, the 
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local IEC in the hydrophilic block was the same for each of the one-tether or two-tether 
mPEs copolymers. The introduction of hydrophobic blocks results in the overall IEC 
lower than the local IEC. The IEC was higher for two-tether block copolymer than one-
tether ones with the same backbone structure. For example, the IEC of mPE-X5.4Y7-2 was 
higher than mPE-X5.4Y7-1, because each tether had an ionic head-group.  
 
 
Figure 3.8 Arrhenius plot of ionic conductivity vs. inverse temperature. 
Figure 3.8 shows the hydroxide conductivity of the membranes from 20 to 80 ℃. 
Generally, the ionic conductivity increases with temperature and follows an Arrhenius 
relationship. The slope of the Arrhenius plot corresponds to the activation energy for 
ionic conductivity. The mPE membranes shows a similar activation value, about 16 to 17 
kJ/mol. Typically, the ionic conductivity increased with IEC.9 With the same backbone 
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structure, mPE-X5.4Y7-2 showed higher ionic conductivity than mPE-X5.4Y7-1, because 
mPE-X5.4Y7-2 had a higher IEC. In addition, it is noted that the ionic conductivity of 
mPE-X5.4Y7-2 was more than twice of that of mPE-X5.4Y7-1, even though the number of 
head-groups of mPE-X5.4Y7-2 only doubled. This demonstrates a non-linear relationship 
between the number of head groups and ionic conductivity. With more head groups on 
the same backbone, the multiblock copolymer formed larger nano-channels for ion 
transport, resulting in higher ionic conductivity. However, even with the same number of 
head-groups per hydrophilic repeat unit, the mPEs multiblock copolymers had different 
ionic conductivities. This is because the mPEs multiblock copolymers formed different 
size nano-channels for ion transport due to the different size of the phases caused by the 
different ratio of hydrophobic to hydrophilic block lengths. For example, the multiblock 
copolymer membrane mPE-X3.1Y3.6-1 had a lower IEC than that of pure hydrophilic 
polymer based H-1, but higher ionic conductivity, which shows the efficiency of 
conductive nano-channels for ion transport. For all tested mPEs membranes, the larger 
the ion transport channel size in the multiblock copolymer, the higher the resulting ion 
conductivity. The mPE-X5.4Y7-2 had the highest ionic conductivity, up to 119 mS/cm at 
80 ℃, however, not the highest IEC. This did not follow the typical relationship between 
IEC and ionic conductivity for random copolymers. In multiblock copolymers, the ion 
mobility within the channels also greatly affects the ionic conductivity. In other words, 
the optimum polymer structure will optimize the size of ion channels and mobility of 
hydroxide within the channel. 
56 
 
3.2.4.2 Water uptake (WU), hydration number (λ), number of freezable water molecules 
(Nfree) and bound water molecules (Nbound) 
Water uptake is an important property for AEMs. AEMs need to maintain a 
certain amount of water for ion hydration and transport. However, excess, unbound water 
is not productive and swells the membrane, leading to poor performance of the membrane 
electrode assembly (MEA) and flooding of the ion conductive channels. In order to 
reduce the WU of AEMs, a fluorinated backbone was used in the mPEs multiblock 
copolymer to introduce greater hydrophobicity. The water uptake of the multiblock 
copolymer membranes, shown in Table 3.2, was less than the corresponding pure 
hydrophilic polymer. For example, H-1 had 35.9% WU and mPE-X3.1Y3.6-1 had much 
lower value of 5.6%. Similar to ionic conductivity, water uptake of mPEs membranes 
was affected by both the IEC and nano-channel size: higher IEC led to higher WU, and 
excessively large channels led to excessive WU. The proper channel size was important 
to acquire optimized WU. The two-tether mPEs membranes had higher WU than the one-
tether membranes. The mPEs membranes with the same number of tethers showed 
different WU due to different ion conductive channel sizes.  
The hydration number is the number of water molecules per ionic head-group 
(cation/anion pair). As shown in Table 3.2, multiblock copolymers had lower hydration 
numbers than the hydrophilic polymer H-1, except mPE-X5.4Y7-2, which shows that the 
efficiency of water utilization in the multiblock copolymer membrane for ion transport 
was higher. In other words, the multiblock copolymer membranes could efficiently utilize 
water in ion transport due to the well-developed nanophase separation. The reason for the 
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high hydration number of mPE-X5.4Y7-2 was that the ion conductive channel size was too 
large, which resulted in higher WU and more free water.  



































Figure 3.9 DSC thermograms of selected mPEs membranes. 
To gain a deeper insight into water mobility and its effect on ion transport in 
AEMs, the state of water in the membranes, freezable and bound water (or non-freezable 
water), was investigated by DSC. Non-freezable water is bound to an ion or polar 
polymer segment and shows no characteristic thermal transition in DSC. Freezable water 
is associated with ion exchanges and frozen at subzero temperatures. Figure 3.9 shows 
the DSC thermograms of selected mPEs membranes. The integral of the freezing peak 
increased as water uptake increased, which suggests that the amount of freezable water 
increases. It was also observed that the higher water uptake lead to the lower freezing 
temperature depression, which implies that the excess freezable water molecules reduce 
the association of water to ionic exchange groups. 
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The sum of the numbers of freezable water and non-freezable water is the 
hydration number. The number of freezable water molecules (Nfree) and non-freezable 
water molecules (Nbound) per head-group (or cation-hydroxide ion pear) are summarized 
in Table 3.2. It shows that all the two-tether multiblock copolymer mPEs had a similar 
amount of bound water, 9 to 10, per ionic pair, or 4.5 to 5 bound water per cation or 
anion, regardless of overall WU. The difference in hydration number was due to the 
presence of free, unbound water, in addition to the bound water of ion hydration. The 
number of bound water molecules per head-group for the one-tether mPEs membrane 
was lower because the ion conductive nano-channel size was small, which limited the 
water absorption and mobility in the membrane. Excess, unbound water could lead to 
flooding of the ion conductive channels, which reduces the efficiency of ion transport. As 
shown, the membranes could still maintain high ionic conductivity even with little 
freezable, unbound water, such as with mPE-X3.1Y8-2 and mPE-X3.1Y3.6-2. This implies 
that the dominant ion transport occurs close to the ion exchange groups through the 
assistance of non-freezable, bound water on the ions.  
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Figure 3.10 Relationship of ionic conductivity at 80 ℃ and water uptake of mPEs 
membranes. 
Figure 3.10 shows the relationship between ionic conductivity and WU for mPEs 
membranes. It is desirable to have sufficient bound water for ion hydration and transport 
without excess, unbound water, the upper left region of Figure 3.10. Among all mPEs 
membranes, mPE-X5.4Y7-2 had the highest ionic conductivity, 119.7 mS/cm at 80 ℃, but 
relatively high water uptake, 50.8%. Although this value of WU is not excessive, it shows 
there were 11.9 unbound water molecules per head-group. There were only 9.8 water 
molecules per head-group needed for hydration. The reason for the excess free water was 
the large size of the nano-channels. Membrane mPE-X3.1Y8-2 had lower water uptake, 
26.7%, and high ionic conductivity up to 94.0 mS/cm at 80 ℃. There were 8.9 bound 
water molecules per head-group, about the same as that for mPE-X5.4Y7-2, however, it 
had virtually no free water, only 0.6 water molecules per anion/cation pair. This is due to 
the optimized size of the nano-channels. In comparison, the pure hydrophilic polymer, H-
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1 membrane, showed low ionic conductivity and high water uptake, which is in the lower 
right region in Figure 3.10. This is due to the lack of ion-channel formation and 
inefficient use of the ionic head-groups. Thus, phase segregation within the multiblock 
copolymer was beneficial to the improvement in ion conductivity and reduced WU.  
3.2.4.3 Chemical, thermal and mechanical stability 
































Figure 3.11 Alkaline stability of the mPEs membranes in 1 M NaOH solution at 60 ℃. 
Long-term alkaline stability of AEMs is of great importance for fuel cell 
applications. The mPEs membranes with long tethers showed outstanding alkaline 
stability in strong alkaline solutions. The alkaline stability of mPE-X3.1Y3.4-2 and mPE-
X5.9Y5-2 membranes were evaluated by the ionic conductivity loss in 1M NaOH solution 
at 60 ℃. As shown in Figure 3.11, nearly no change in ionic conductivity was observed 
after 1000 hours. The ionic conductivity loss of mPE-X3.1Y3.4-2 and mPE-X5.9Y5-2 were 
61 
 
1.2% and 3.0%, respectively. This result confirmed that long alkyl tether for quaternary 
ammonium ionic exchange groups greatly improved the alkaline stability.27, 29  


























































Figure 3.12 TGA curves of mPEs membranes under nitrogen atmosphere. 
Figure 3.12 showed the thermal degradation behavior of mPEs membranes in 
their hydroxide form via TGA. All of the membranes had similar tendency. The initial 
weight loss below 100 ℃ corresponds to evaporation of bound water in the membranes. 
The mPEs membranes showed a three-stage weight loss. The first stage from 180 ℃ to 
220 ℃ was assigned to the degradation of the quaternary ammonium groups. The second 
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stage from 220 ℃ to 400 ℃ was due to the degradation of the long alkyl side chains. All 
the membranes underwent polymer backbone degradation above 400 ℃. This trend of 
degradation was consistent with reported multi-block copolymer membranes with long 
alkyl side chains.36, 51 



















































Figure 3.13 Stress-strain curve of mPEs membranes. 
Table 3.3 Mechanical properties of mPEs membranes. 
Membrane Tensile strength (Mpa) Young's modulus (Gpa) Elongation at break (%) 


































           Good mechanical stability is essential for the fabrication of electrode membrane 
assembly (EMA) and withstanding the pressure difference between two sides of the 
membrane during fuel cell operation. The mechanical properties, as summarized in Table 
3.3, were obtained from stress-strain curves of mPEs membranes in Figure 3.13 measured 
by dynamic mechanical analysis (DMA). The tensile strength of all the membranes was 
in the range of 12.3 to 33.4 MPa, and the Young’s modulus was in the range of 0.5 to 2.3 
GPa, indicating that the membranes had proper mechanical properties to be used as 
polymer electrolyte. The tensile strength decreased as the increase of the tether amount 
and hydrophilic content. This was likely due to the increase of water content, which 
might act as a plasticizer52 in the membranes and disintegrate the originally tightly 
arranged polymer chains.  
3.2.4.4 Oxygen diffusivity and permeability 
Table 3.4 Oxygen transport properties of Nafion®, Tokuyama A201, and mPEs block 
copolymers. 
Sample S (mass %) D (cm
2
/s) P (mol/(bar*cm*s)) 






























-2 1.14 1.0E-08 3.9E-10 
Nafion
®
 0.27 1.3E-07 1.2E-09 
Tokuyama A201 0.38 2.0E-9 2.6E-11 




The oxygen solubility, diffusivity and permeability of all the membrane samples, 
Nafion®, and Tokuyama A201 are summarized in Table 3.4. Low oxygen diffusivity and 
permeability are desired for AEMs in order to get minimized oxygen crossover during 
fuel cell operation. The oxygen solubility of multiblock copolymer membrane was higher 
than that of Nafion®. However, the oxygen diffusivity and permeability was less than that 
of Nafion®. Compared with the commercial AEM copolymer material Tokuyama A201, 
the oxygen solubility of the multiblock copolymer membranes was higher. The oxygen 
diffusivity and permeability were on the same order of magnitude, 10-9 cm2/s and 10-10 to 
10-11 mol/(bar*cm*s), respectively. It is noted that the oxygen transport properties of 
mPE-X5.4Y7-2 were better than A201 membranes. By comparing mPE-X3.1Y3.6-1 and 
mPE-X3.1Y3.6-2 or mPE-X5.4Y7-1 and mPE-X5.4Y7-2, it can be concluded that the two 
tether mPEs membrane had lower oxygen diffusivity and permeability than the one tether 
membrane.  
3.3 Conclusions 
A systematic study of the effect of the hydrophilic and hydrophobic block lengths 
and ion exchange capacity of partially fluorinated multiblock copolymer mPEs with long 
head-group tethers was undertaken to explore the relationship of the chemical structure, 
morphology and properties of the mPEs AEMs. The chemical structure was studied via 
one-dimensional 1H NMR, 19F NMR, NOE, and two-dimensional HSQC NMR spectra. 
Only one tether could be attached per hydrophilic repeat unit at each time. The formation 
of ion conductive nano-channels for hydroxide ion transport due to nanophase separation 
of the multiblock copolymers greatly improved the ionic conductivity and reduced the 
water uptake. Multiblock copolymer mPE-X5.4Y7-2 showed the highest ionic conductivity, 
65 
 
119 mS/cm at 80 ℃, but not the highest IEC, because it formed efficient channels. The 
ratio of ionic conductivity to water uptake of the multiblock copolymers was high. For 
example, mPE-X3.1Y8-2 had very high ionic conductivity up to 94.0 mS/cm at 80 ℃, but 
only 26.7% water uptake. From DSC measurements of the number of freezable water and 
bound water molecules, the number of bound water molecules per ion of two-tether 
polymers was 4.5 to 5. In addition, the bound water played the dominant role in the 
hydroxide ion transport within the channels. The multiblock copolymer AEM showed 
good thermal, mechanical stability and excellent alkaline stability. The ionic conductivity 
was hardly changed after soaking the membrane in 1 M NaOH solution at 60 ℃ for 1000 
h. Oxygen transport properties were also investigated. The mPEs AEM with higher ionic 
conductivity showed lower oxygen diffusivity and permeability, which means that the 




CHAPTER 4. MULTIBLOCK COPOLYMER WITH MULTIPLE 
LONG HEAD-GROUP TETHERS FOR ANION EXCHANGE 
MEMBRANES 
4.1 Introduction and objective 
High ionic conductivity is needed for the successful use of anion exchange 
membranes. The goal is to achieve ionic conductivity greater than 100 mS/cm at 80 ℃ 
for acceptable fuel cell operation. Ionic conductivity is a function of two factors: ion 
exchange capacity (IEC) and ion mobility in the membranes. As discussed in Chapter 3, 
ion mobility can be improved by constructing efficient ion conductive channels in the 
membranes. One of the most effective methods to construct the ionic channels is through 
phase segregation of block copolymers and graft polymers in which the ionic groups are 
locally concentrated in the hydrophilic domains. 
Another way to improve ionic conductivity is increasing the ion exchange 
capacity by increasing the number of fixed cation head-groups. However, water uptake 
also increases with higher IEC. High water uptake will cause membrane swelling, 
decrease in mechanical toughness, and water flooding of the ionic channels. There is a 
trade-off between ionic conductivity and water uptake. Therefore, in order to achieve the 
highest performance, the IEC has to balance high ionic conductivity and acceptable water 
uptake.  
In this work, multiblock copoly(arylene ether)s (mPEs) were synthesized with 
different IECs by attaching a different number of cationic head-groups via long alkyl 
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chain tethers. The goal is to explore the relationship between the morphology and 
properties of the AEMs with different IECs. The number of the tethers and ionic groups 
attached to the polymer backbone can be precisely controlled by use of the unique 
characteristics of the Friedel-Crafts reaction and reduction reaction. Each tether was 
attached one at a time and repeated to form the hydrophilic block. Specifically, 1, 2, 3, 
and 4 ionic groups were attached on each repeat unit in the hydrophilic block of the block 
copolymer. It is noted that the 4-tether mPE membrane had an exceptionally high IEC 
value in hydrophilic blocks, 3.13 meq/g, as compared to previously reported AEMs. The 
size of the ion conductive channels, ionic conductivity, water uptake, number of freezable 
and bound water molecules in the membranes were also evaluated.  
4.2 Results and discussion 
4.2.1 Synthesis and structural analysis of 1, 2, 3 or 4-tether multiblock copoly(arylene 
ether)s  
The structures of the 1, 2, 3 and 4-tether multiblock copoly(arylene ether)s (mPEs) 
are shown in Figure 4.1. All the samples had the same multiblock backbone structure 
(X3Y5), synthesized via polymer condensation reaction of hydrophobic oligomers (x = 3 
repeat units) and hydrophilic oligomers (y = 5 repeat units), as previously described65. 
The molecular weight of the polymer backbone mPE-X3Y5 measured by GPC was 67.2 
kDa. The ionic head groups with long tethers were attached to the multiblock copolymer 
mPEs backbone via a Friedel-Crafts reaction with 6-bromohexanoyl chloride and AlCl3, 
followed by a reduction reaction to reduce the tether’s ketone group. The reactivity of the 
fluorene aromatic rings is low due to the electron-withdrawing nature of the ketone group 
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on the tether. Thus, only one head-group tether can be attached on each hydrophilic 
repeat unit with each Friedel-Crafts reaction, even though 6-bromohexanoyl chloride was 
used in excess and multiple sites are available for tether attachment. However, after the 
reduction of the ketone group to an alkyl, the aromatic group ring regains its reactivity, 
and an additional tether can be attached. This one-at-a-time characteristic of the tether 
attachment reaction has been used to precisely control the number of the ionic head-
groups attached to each hydrophilic repeat unit of the polymer backbone. Multi-tether, 
multiblock copolymers were synthesized via repeated Friedel-Crafts followed by 
reduction reactions. From our previous structural analysis of 1H NMR spectra65, the first 









Figure 4.2 1H NMR spectra of (a) 3-tether BrKC6-2BrC6-mPEs, and (b) 3-tether 3BrC6-
mPEs. 
The third and fourth tether were attached at position h’’ on the fluorene aromatic 
ring. This was shown by integration area of the proton peak h’’ at 7.70 ppm. The h’’ peak 
was reduced to half of its amount after the third tether was attached, as shown in Figure 
4.2(a). The singlet peak at 7.22 ppm corresponds to the aromatic protons at position e’’. 
The overlapping singlet and doublet peak at 7.10 ppm was attributed to the g’’ and g’’’ 
protons. The integration areas of these two peaks were twice that of peak h’’, which is 
another piece of evidence showing attachment of the third tether at position h’’. The 1:2 
ratio of the peak areas for the protons at positions i’ and p confirm the successful 
attachment of the third tether. The 1:6 ratio of the peak area for the proton at h’’ on the 
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fluorene aromatic ring and the overlapping peaks n and n’, attributed to the methylene 
protons adjacent to the bromide groups, is another piece of evidence for the third tether 
attachment. After the ketone group of the third tether was reduced, the i’ peak 
disappeared and the peak ratio for the protons at n and p became 1:1, as shown in Figure 
4.2(b). The attachment of the fourth tether was shown by the disappearance of the h’’ 
peak and 1:3 peak ratio of protons i’ and p, shown in Figure 4.3(a). After reduction of the 
ketone group, the i’ peak disappeared and the peak ratio of protons at n and p changed 
back to 1:1, as in Figure 4.3(b).  
 




4.2.2 Morphology  
Small angle X-ray scattering (SAXS) measurements were performed to 
investigate the microstructure of the membranes with a different number of alkyl chains 
terminated with quaternary ammonium head-groups. The polymers were tested dry with 
an iodide counter ion. The average separation length between inhomogeneities in the 
membrane, or interdomain spacing, d, was calculated from the position of the scattering 
maximum (qmax) via Braggs law. The multiblock AEM copolymers with 1, 2, 3, and 4 
ionic head-groups on each hydrophilic repeat unit showed scattering peaks with qmax 
values, 0.140, 0.112, 0.107 and 0.105 nm-1, respectively, as shown in Figure 4.4. This 
corresponds to interdomain spacing, d, of 44.8, 56.1, 58.7, and 59.8 nm, respectively, as 
summarized in Table 4.1. This magnitude of the separation d suggests that the scattering 
was due to phase segregation of the multiblock copolymer structure, rather than simply 
the formation of ion clusters in a random polymer which would have only showed a small 
value for d.29 The size of ion conductive channels was influenced by the length of the 
hydrophobic and hydrophilic blocks, the length of head-group tethers, and the ionic group 
density. These results show that an increase in the number of the alkyl chain tethered 
quaternary ammonium groups results in an increase in the size of the ion conductive 
channels. The large difference in the d values for the 1 and 2-tether polymers indicates 
that the density of tethered ionic groups had a significant influence on the channel size. 
However, this influence became less dramatic with additional tethers.  
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Figure 4.4 SAXS data of mPE membranes with 1, 2, 3, and 4 long alkyl side chains 
tethered trimethyl quaternary ammoniums in iodide form. The data have been shifted 
vertically for clarity and the arrowheads indicate qmax. 
 
Figure 4.5 TEM images of mPEs membranes in bromide form. 
TEM images were obtained to examine the morphology of the membranes, as 
shown in Figure 4.5. Phase separation is observed in the images of 2, 3, and 4-tether 
membranes in bromide form. The dark regions correspond to hydrophilic domains and 
the bright regions correspond to hydrophobic domains.48 The hydrophilic domains appear 
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to form contiguous ion conductive channels. The average size of the ion conductive 
channels of 2, 3, 4-tether samples were about 18, 28, and 38 nm, respectively. This also 
confirmed that with the increase of the number of ionic groups, or ion concentration in 
hydrophilic blocks, the size of the channels increased.  
4.2.3 Ion exchange capacity (IEC) and ionic conductivity 
As shown in Table 4.1, the overall IEC was calculated for the multiblock 
copolymer. The local IEC was calculated corresponding to the density of ionic groups 
within only the hydrophilic blocks. It can be seen that both the overall IEC and local IEC 
increased with the number of tethers attached to the hydrophilic repeat units. The local 
IEC of 4-tether mPE membrane reached 3.13 meq/g, which is large compared with other 
AEM membranes reported in the literature.  













































-4 59.8 2.23 3.13 48.3 141.0 63.2 82.5 20.5 9.6 10.9 
a1, 2, 3, 4: the number of head-group tethers on each hydrophilic repeat unit; X: 
hydrophobic block (3 repeat units); Y: hydrophilic block (5 repeat units); bChannel size: 
average separation length between inhomogeneities (d) measured from SAXS; cOverall 
IEC: corresponding to the multiblock copolymer; dLocal IEC: corresponding to the 
hydrophilic block; eIonic conductivity: tested in hydroxide ion form; fσ/IEC: ratio of ionic 
conductivity at 80 ℃ to IEC; gWater uptake: measured at room temperature in hydroxide 


















































Figure 4.6 Arrhenius plot of ionic conductivity vs. inverse temperature. 
Figure 4.6 shows the hydroxide conductivity of the membranes at 20, 40, 60 and 
80 ℃. The ionic conductivity increases with temperature and follows an Arrhenius 
relationship. The slope of the Arrhenius plot corresponds to the activation energy for the 
ionic conductivity, which was in the range of 17 to 22 kJ/mol. The ionic conductivity 
increased with the increasing of IEC, resulting from the increase of the number of ionic 
groups. This observation was also demonstrated in other studies.43  Membranes with a 
greater number of ionic groups form larger ion conductive channels, which facilitates ion 
transport in the membrane, resulting in higher ionic conductivity. The ratio of the ionic 
conductivity to IEC was calculated to evaluate the effectiveness of the ionic groups, as 
shown in Table 4.1. The ionic conductivity/IEC value increased with the ionic group 
concentration, however, it reached a maximum with the 3-tether membrane, suggesting 
that this structure demonstrates the highest ionic group efficiency. The efficiency 
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decreased as the fourth tether was attached, even though the 4-tether membrane showed 
the highest absolute ionic conductivity.  
4.2.4 Water uptake (WU), hydration number (λ), number of freezable water molecules 
(Nfree) and bound, non-freezable water molecules (Nbound) 
A critical amount of water is necessary for ion hydration and conduction in the 
membranes. However, excess water, especially in the form of free-water, in the 
membranes results in membrane swelling, lower mechanical toughness, and flooding of 
the ion conductive channels. The phase segregation of block copolymers and the partial 
fluorination of the backbone structure, which introduces great hydrophobicity, can 
effectively control the water uptake at a relatively low level. The water uptake of the 
membranes with 1, 2, 3 and 4 long alkyl side chain tethered ionic groups in hydroxide ion 
form at room temperature is shown in Table 4.1. With the increase of the number of ionic 
groups (or IEC), the water uptake increased. The 2-tether membrane had an ionic 
conductivity of 86.1 mS/cm with only 26% water uptake. The 3-tether membrane showed 
130.6 mS/cm ionic conductivity with 50% water uptake which is relative low in 
membranes compared to membranes with very high ionic conductivity. Though the 4-
tether membrane also showed a very high ionic conductivity, the water uptake was also 
very high, which leads to excess swelling. This is due to the relatively large ion 
conductive channel and high density of head groups.  
The hydration number (λ) is the number of water molecules per ionic head-group 
(cation/anion pair). Excess water in the form of free (unbound) water is not desirable or 
productive for ion conduction.  The hydration number also increased somewhat as the 
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number of ionic groups in hydrophilic blocks, as shown in Table 4.1. The water 
molecules in the membrane can be divided into two states: freezable water molecules 
slightly associated with ion exchange groups, and non-freezable (bound) water molecules 
bound to an ion or polymer matrix. The number of freezable (Nfree) and non-freezable 
(Nbound) water molecules was investigated by DSC and summarized in Table 4.1. The 
freezable water will show a characteristic freezing peak at temperatures below 0 ℃, 
while non-freezable water will show no peaks in DSC thermogram. Our previous work 
showed that the two-tether multiblock copolymer mPEs membranes had a similar amount 
of bound water molecules: 9 to 10, per ionic pair, or 4.5 to 5, per cation or anion.65 In this 
work, the 2-tether sample showed a similar result. In addition, the number of bound water 
molecules for the 3 and 4-tether membranes was also in this range. Therefore, the 
increase of the number of head-groups (> 2 tethers) had little effect on the increase of the 
number of bound water molecules per head group. In contrast, the increase in density of 
head groups greatly affected the freezable water content in the membranes. 1 and 2-tether 
membrane showed very little freezable water, while 3 and 4-tether polymers had a large 
amount of freezable water. This explained the high water uptake of 3 and 4-tether sample. 
It also suggests that the ion conductive channels must be large enough for the bound 
water and have enough room for the freezable water. The 4-tether sample had a large 




4.2.5 Alkaline stability 








































Figure 4.7 Alkaline stability of the mPEs membranes with 1, 2, 3, and 4 long alkyl side 
chain tethered ionic groups in 1 M NaOH solution at 60 ℃. 
It was reported previously65 that the 1 or 2-tether mPEs membranes with long 
tether attached quaternary trimethyl ammonium showed outstanding alkaline stability in 
strong base solutions. After soaking in 1M NaOH solution at 60˚C for 1000 h, there was 
only 1-3% drop in ionic conductivity. The 3-tether and 4-tether mPEs membranes were 
tested at the same condition, and it also showed that the ionic conductivity of the X3Y5-3 
and X3Y5-4 membrane reduced only 1.4 and 1.9%, respectively. Therefore, it can be 
concluded that the long alkyl tether for quaternary trimethylammonium ionic exchange 
groups have greatly improved the alkaline stability compared to many other AEM 
materials with benzyl trimethylammonium groups.   
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4.2.6 Thermal stability  
 
















































Figure 4.8 TGA curve of mPEs membranes with 1, 2, 3, and 4 long alkyl side chain 
tethered ionic groups under nitrogen atmosphere. 
Figure 4.8 shows the thermal degradation behavior of mPEs membranes with a 
different number of tethers in the hydroxide form via TGA. Regardless of the number of 
the tethers, these membranes showed similar thermal degradation pattern. The initial 
weight loss below 100˚C was due to the evaporation of bound and unbound water in the 
membrane. The mPEs membranes followed a three-stage weight loss. From 180˚C to 
220˚C, the weight loss was due to the degradation of the quaternary ammonium groups. 
From 220˚C to 400˚C, it was the degradation of the long alkyl side chains. Above 400˚C, 
polymer backbone started to degrade. Therefore, the membranes are thermally stable 
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enough under the common operation temperature of fuel cells or electrolyzers (i.e. below 
100 ℃). 
4.2.7 Mechanical properties 
Good mechanical stability of the membrane is indispensable for the fabrication of 
the membrane electrode assembly and the operation of electrochemical devices. Devices 
often have a pressure difference between the two sides of the membrane. The mechanical 
properties were obtained from stress-strain curve of mPEs membranes tested from DMA, 
as summarized in Table 4.2.  
Table 4.2 Mechanical properties of mPEs membranes with 1, 2, 3, and 4 ionic groups. 
Membrane Tensile strength (Mpa) Young's modulus (Gpa) 





















-4 18.7 1.2 2.1 
 
The values of tensile strength, Young’s modulus, and elongation at break show 
that the membranes had adequate mechanical strength for many applications. It was 
observed that the tensile strength and the elongation at break decreased with the increase 
in the number of ionic groups. This was likely due to the increase of water content, which 
might act as a plasticizer in the membranes and disintegrate tightly arranged polymer 
chains. In addition, with the increase of the tether structure, the arrangement of polymer 




The effect of ionic concentration in hydrophilic block of multiblock copolymers 
on the morphology and properties of anion exchange membranes were investigated in this 
work. The multiblock copolymer mPEs with 1, 2, 3 and 4 long alkyl chain tethered ionic 
groups on each repeat unit in hydrophilic block, resulting in different ion exchange 
capacity (IEC), were synthesized and compared. Only one head-group tether can be 
attached on each hydrophilic repeat unit at a time. Thus, the tether amount can be 
precisely controlled. As the ionic concentration increased, the ionic conductivity and 
water uptake of the membranes increased. This was due to the increase of the size of ion 
conductive channels. 3-tether membrane showed the highest ionic conductivity/IEC, 
which means that its ionic groups were most efficient for contributing to the ionic 
conductivity. In addition, the number of freezable and non-freezable water molecules 
were investigated. 2, 3, 4-tether membrane showed similar number of bound water, while 
the number of freezable water increased with the number of ionic groups. The excess 
freezable water led to high water uptake and low ionic conductivity/IEC ratio (i.e. X3Y5-
4). Therefore, X3Y5-3 showed the best properties, 130.6 mS/cm ionic conductivity and 
58.3% water uptake, with an IEC of 1.83 meq/g. All of the membranes showed the same 
thermal and alkaline stability. As the number of ion groups increased, the mechanical 




CHAPTER 5. MULTIBLOCK COPOLYMER WITH LONG 
ALKYL CHAIN TETHERED CATIONS AS ANION EXCHANGE 
MEMBRANES 
5.1 Introduction and objectives 
Benzyl trimethyl quaternary ammonium (BTMA) is a common cation group in 
anion exchange membranes due to its convenient synthesis and lack of beta-hydrogens 
(i.e. hydrogens on the beta carbon). Beta-hydrogens are known to undergo Hoffman 
degradation.66 However, it has been reported that it is susceptible to other degradation 
processes under alkaline including direct nucleophilic substitution of hydroxide ions, 21-22 
and elimination via yield formation.21, 23 In Chapter 3, it was shown that long alkyl chain 
tethered trimethyl ammonium had excellent alkaline stability with only 1-3% loss of ionic 
conductivity after soaking in 1 M NaOH at 60 ℃ for 1000 h. Several other studies 
confirmed stability of the alkyl, quaternary ammonium head group.27, 66 The long alkyl 
chain reduces the electron-withdrawing inductive effect and the resonance effect of the 
benzene ring when a benzyl attachment is used.66 It was hypothesized that the high 
electron density around the beta-hydrogens and the steric shielding in the β-positions can 
prevent Hofmann elimination.30-31 Apart from trimethyl quaternary ammonium cations, 
other cation groups, such as quinuclidium,19 phosphonium,33, 64 imidazolium, 32 and 
guanidinium34 have also been studied as alternative to BTMA.  
Quinuclidium, or 1-azaoniumbicyclo[2,2,2]octane, a quaternary ammonium 
cation formed by quaternization of a polycyclic amine 1-azabicyclo[2,2,2]octane 
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(ABCO), was first reported by Zhou et al.19 used in the ionomer for alkaline electrode in 
fuel cells. Quinuclidium has a larger van der Waals volume than the trimethyl ammonium 
head group, which may facilitate the formation of larger ion conductive channels to 
enhance ion mobility in the membrane. Arges et al.67 studied the alkaline stability of 
quinuclidium with poly(2,6-dimethyl 1,4-phenylene)oxide (PPO) backbone. Although no 
degradation of quinuclidium was found by 1D or 2D NMR, the decrease in IEC after 
exposure to alkaline solutions and the decline in the fuel cell performance after 12 h 
indicated cation degradation. They postulated that quinuclidium degraded through direct 
nucleophilic substitution (SN1) of OH
- ions (debenzylation – cleavage of the cation site to 
benzyl alcohol).  
Phosphonium cation has a central atom of phosphorus instead of nitrogen. Yan et 
al.33, 64 developed a stabilized quaternary phosphonium cation, benzyl tri(2,4,6-
trimethoxyphenyl)phosphonium, designed with nine methoxy groups to provide strong 
electron donation and steric hindrance. A high ionic conductivity up to 45 mS/cm at 20 ℃ 
was observed in polysulfone AEM with an IEC of 1.17 meq/g. They also reported that 
the membrane retained its flexibility and ionic conductivity for 30 days after exposure to 
1 M KOH at 60 ℃. However, Arges et al.67 reported that polysulfone AEM with benzyl 
tri(2,4,6-trimethoxyphenyl)phosphonium showed cation degradation via NMR analysis. 
The degradation pathway was thought to be direct nucleophilic substitution (SN2) of OH
- 
ion (removal of a methoxy substituent from the cation site) to a tertiary phosphine and 
subsequent oxidation to phosphorus oxide.   
In this chapter, multiblock copoly(arylene ether)s (mPEs) with partial fluorination 
and two long alkyl head-group tethers on each hydrophilic repeat unit with quaternary 
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trimethyl ammonium (TMHA), quinuclidium (ABCO), and tris(2,4,6-
trimethoxyphenyl)phosphonium (TTMPP) were synthesized. Their morphology and 
properties (i.e. ionic conductivity, water uptake, alkaline stability, mechanical and 
thermal properties) were compared in order to understand the effects of the size and type 
of cations on the morphology and physical properties. The cation with the best properties 
were identified. To our knowledge, this work was the first to combine quinuclidium and 
phosphonium cations with long alkyl tethers in anion exchange membranes. The alkaline 
stability of this alkyl tethered quinuclidium and phosphonium cations was also compared 
with benzyl linkages.  
5.2 Results and discussion 
5.2.1 Synthesis of anion conductive multiblock copolymer with long alkyl tethered 
trimethylammonium (TMHA), quinuclidium (ABCO), and tris(2,4,6-
trimethoxyphenyl)phosphonium (TTMPP) 
The multiblock copolymer with long alkyl side chain terminated with a cation 
head-group was synthesized via polycondesation reaction and Friedel-Crafts acylation 
followed by reduction of the ketone, as described in Chapter 2. In this chapter, the 
multiblock copolymer used is X3Y7-2, which has a hydrophobic block (X) with 3 repeat 
units in each block, a hydrophilic block (Y) with 7 repeat units in each block, and 2 alkyl 
head-group tethers on each of the hydrophilic repeat unit. The block copolymer was 
quaternized with trimethylamine (TMA), quinuclidine, and tris(2,4,6-
trimethoxyphenyl)phosphine to form three types of head groups. The resulting cations 
were: alkyl tethered trimethylammonium (TMHA), quinuclidium (ABCO), and tris(2,4,6-
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trimethoxyphenyl )phosphonium (TTMPP), respectively, with bromide ion as the counter 
ion. The detailed procedure was described in Section 2.2. The membranes were solvent 
cast after quaternization reactions. Another membrane with alkyl trimethylammonium 
(TMHA) was quaternized after the membrane was cast. This was used as a comparison 
with the membranes quaternized before casting. The membranes were converted to the 
hydroxide ion form by soaking them in NaOH solution. The structure of the multiblock 
copolymer with these three cations are shown in Figure 5.1.  
 
Figure 5.1 Structure of the multiblock copolymer with alkyl tethered trimethylammonium 
(TMHA), quinuclidium (ABCO), and tris(2,4,6-trimethoxyphenyl)phosphonium (TTMPP) 
cation groups. 
5.2.2 Morphology 
The morphology of the dry membranes with the three cations in bromide form 
were characterized via small angle X-ray scattering (SAXS), as shown in Figure 5.2. The 
size of the ion conductive channels was evaluated by calculating the average separation 
length, or interdomain spacing, d, between inhomogeneities in a membrane. This was 
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calculated from the position of the scattering maximum (qmax) via Braggs law. The 
multiblock copolymer AEMs with alkyl trimethylammonium X3Y7-A1, X3Y7-A2, 
quinuclidium X3Y7-Q, and phosphonium X3Y7-P showed scattering peaks with qmax 
values of 0.124, 0.167, 0.153 and 0.132 nm-1, respectively, which corresponds to 
interdomain spacing d of 50.6, 37.6, 41.0 and 47.6 nm, respectively, Table 5.1. The d 
values obtained from the SAXS data confirmed phase segregation from the multiblock 
copolymers, rather than just small ion clusters in the membranes which would show a 
small value of d.  








































Figure 5.2 SAXS data of the membranes with alkyl trimethylammonium (TMHA), 
quinuclidium (ABCO), and tris(2,4,6-trimethoxyphenyl)phosphonium (TTMPP) cations. 
Since the membranes had the same backbone structure (i.e. same length of 
hydrophobic and hydrophilic blocks) and the same number of head-group tethers on each 
repeat unit in the hydrophilic block, the difference in the interdomain spacing d was 
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primarily due to the different cation effects. By comparing X3Y7-A2, X3Y7-Q, and X3Y7-
P, it was found that the size of the ion conductive channels increased with the size of the 
cation head group. In addition, the preparation method of the membrane also affected the 
phase segregation and the size of the ion conductive domains. The membrane quaternized 
after casting, X3Y7-A1, showed much larger interdomain spacing d than that of the 
membrane quaternized before casting, X3Y7-A2. Quaternization before casting allowed 
better phase segregation of the block copolymers because the block copolymer with the 
ionic groups attached has higher χ, the Flory Huggins interaction parameter 
characterizing the effective interaction of monomers in the hydrophilic and hydrophobic 
blocks. In addition, casting the membrane before quaternization may not provide the 
needed volume expansion formation of the cation head group. 
5.2.3 Properties 
5.2.3.1 Ion exchange capacity (IEC) and ionic conductivity 
The ion exchange capacity (IEC) of the membranes with different cations are 
summarized in Table 5.1. Since all the membranes had the same structure other than the 
cation head group, the difference in the IEC values are a result of the molecular weight 
differences for the cation head groups. As the size of cation group increase, the IEC 
declined. For example, the membrane with alkyl trimethylammonium, X3Y7-A1 and 
X3Y7-A2 had an IEC of 1.49 meq/g, while the membrane with alkyl tris(2,4,6-




Table 5.1 Properties of the AEMs with alkyl trimethylammonium (TMAH), quinuclidium 










































-P 45 0.87 14.2 46.1 52.9 22.4 14.3 1.7 12.6 
aX: hydrophobic block (3 repeat units); Y: hydrophilic block (5 repeat units); 
bInterdomain spacing: average separation length between inhomogeneities (d) measured 
from SAXS; cTheoretical IEC: calculated assuming 100% quaternization; dIonic 
conductivity: tested in hydroxide ion form; eσ/IEC: ratio of ionic conductivity at 80 ℃ to 
IEC; fWater uptake: measured at room temperature in hydroxide ion form. 














































Figure 5.3 Arrhenius plot of ionic conductivity vs. inverse temperature. 
The hydroxide conductivity of the membranes at 20, 40, 60 and 80 ℃ was shown 
in Figure 5.3. The ionic conductivity increased with temperature and follows an 
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Arrhenius relationship. The slope of the Arrhenius plot corresponds to the activation 
energy for ionic conductivity. The energy of activation is 19.6, 20.6, 18.8, and 18.9 
kJ/mol for X3Y7-A1, X3Y7-A2, X3Y7-Q, and X3Y7-P, respectively.  
By comparing the ionic conductivity of the membranes with different cations, it 
can be seen that the ionic conductivity increased with IEC even though the materials had 
the same backbone, tether, and the same number of ionic head groups attached to each 
repeat unit in the hydrophilic segment. The difference in membrane conductivity is due to 
their different IECs. The quaternary trimethylammonium is a more efficient and compact 
head group, which has a smaller van der Waals volume. Thus, though alkyl 
trimethylammonium formed the smallest channels, it showed the highest ionic 
conductivity. 
In addition, the preparation method of the membranes also affects the ionic 
conductivity. The membrane quaternized after casting, X3Y7-A1, exhibited lower ionic 
conductivity than the membrane quaternized before casting, X3Y7-A2, although the 
membranes were otherwise the same. As a result, X3Y7-A1 had larger ion conductive 
channels. However, this did not result in higher conductivity. X3Y7-A2 had the higher 
conductivity which may be due to a more optimum and efficient channel size due to a 
more continuous and less tortuous ion pathway.  
The ratio of the ionic conductivity to IEC was calculated to evaluate the 
efficiency of the ionic groups to the ionic conductivity, as shown in Table 5.1. The result 
shows that X3Y7-A1 and X3Y7-A2 had higher ionic conductivity/IEC ratio than X3Y7-Q 
and X3Y7-P, which reflects the higher efficiency of the channels in the alkyl 
trimethylammonium (TMHA) head groups. In addition, X3Y7-A2 showed a slightly 
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higher ratio than X3Y7-A1, which confirms that quaternization before casting leads to 
better ion transport in the membrane, in this case. 
5.2.3.2 Water uptake (WU), hydration number (λ), number of freezable water molecules 
(Nfree) and bound water molecules (Nbound) 
An optimum amount of water uptake is essential for ion hydration and conduction 
in the membranes. However, excess free water can result in swelling, reducing the 
mechanical toughness, and water flooding in the ion conductive channels. The water 
uptake of the membranes in hydroxide ion form at room temperature is shown in Table 
5.1. X3Y7-Q membrane with quinuclidium (ABCO) had the lowest water uptake, and the 
X3Y7-A1 membrane with alkyl trimethylammonium (TMHA) had the highest. This is 
another indication that quaternization before membrane casting can result in preferred 
phase segregation for more efficient ion conductive channels. 
Hydration number (λ) is the number of water molecules per cation/anion pair, 
which characterizes the efficiency of utilization of water in the membranes. Hydration 
number includes all the water molecules in the membrane: freezable water molecules 
which is only slightly associated with the ion exchange groups, and non-freezable water 
molecules which are bound to an ion or polymer matrix. The number of freezable (Nfree) 
and non-freezable (Nbound) water molecules was investigated by DSC and summarized in 
Table 5.1. In the DSC thermogram, the freezable water showed a characteristic freezing 
peak at subzero temperature while non-freezable water did not.  
The membrane with alkyl trimethylammonium, X3Y7-A1and X3Y7-A2, had a 
hydration number in the range as discussed in Chapter 3, about 9 bound water molecules 
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per ionic pair and very little free-water. This is consistent with the previous results where 
two-tether multiblock copolymer membranes with alkyl tethered quaternary ammonium 
groups. However, in the case of alkyl quinuclidium, X3Y7-Q, it had a low hydration 
number of only 4.5 with very little freezable water. The membrane with alkyl 
phosphonium, X3Y7-P, had a very high hydration number, up to 14.3 with a bound water 
value of 12.6, which is much higher than that of alkyl trimethylammonium groups.  
5.2.3.3 Relationship of morphology, IEC, ionic conductivity, and water uptake  




























































Figure 5.4 Relationship of ionic conductivity at 80 ℃ and water uptake of membranes 
with different cations. 
The size of cation groups affects the morphology and properties of AEMs with a 
common backbone. Alkyl trimethylammonium (THMA) has the smallest size and forms 
the smallest ion conductive channels, as determined by SAXS measurements. It has the 
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highest ionic conductivity, up to 101.2 mS/cm at 80 ℃ and highest water uptake, 24.4% 
due to its high IEC (1.49). Alkyl quinuclidium (ABCO) also has a very low water uptake, 
only 11.1%. This corresponds to four bound waters per cation/anion pair. Alkyl 
tris(2,4,6-trimethoxyphenyl)phosphonium (TTMPP) has the largest size and forms the 
largest ion conductive channels. It has relatively low ionic conductivity, and higher water 
uptake than quinuclidium (ABCO). Thus, alkyl trimethylammonium is the preferred head 
group for this backbone in terms of IEC, ionic conductivity and water uptake.  
5.2.3.3 Chemical stability 










































Figure 5.5 Alkaline stability of the membranes with alkyl trimethylammonium (TMHA), 
quinuclidium, and tris(2,4,6-trimethoxyphenyl)phosphonium (TTMPP) cations in 1 M 
NaOH solution at 60 ℃. 
The alkaline stability of the membranes with the three cations were evaluated by 
tracking the change of ionic conductivity with exposure time in 1 M NaOH at 60 ℃. As 
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shown in Figure 5.5, the X3Y7-A2 membrane with alkyl trimethylammonium showed the 
best alkaline stability, with only 1% ionic loss over 480 h. This was consistent with the 
result of alkyl trimethylammonium group stability reported in Chapters 3 and 4. Several 
other studies also confirmed that alkyl trimethylammonium has no degradation at 60 ℃ 
for 30 days.27, 66  
X3Y7-P with alkyl tris(2,4,6-trimethoxyphenyl)phosphonium (TTMPP) showed 
4.8% ionic conductivity loss in 480 h. Yan et al.64 reported no ionic conductivity loss for 
benzyl TTMPP after exposure to 1 M KOH at 60 ℃ for 30 days. However, Arges et al.68 
reported about 90% of the cations remained after the same exposure. In addition, they 
proposed the degradation pathway to be direct nucleophilic SN2 substitution of the OH
- 
ion (i.e. removal of a methoxy substituent from the cation site), creating a tertiary 
phosphine followed by oxidation to phosphorus oxide. It is believed that the same 
degradation mechanism also happened in this case, but the long alkyl side chain mitigates 
the degradation. Yan et al.69 suggested alternate structure of alkyl tris(2,4,6-
trimethylphenyl)phosphonium without the methoxy groups for better alkaline stability. 
X3Y7-Q with alkyl quinuclidium showed 22% ionic conductivity loss after 480 h 
at 60 ℃. Degradation was also observed in other studies by Agres et al.67 on benzyl 
quinuclidium where the IEC dropped from 1.8 to 0.5 meq/g in 1 M NaOH at 60 ℃ after 
30 days. This was due to direct nucleophilic SN1 substitution at the benzylic methyl 
(debenzylation). Mohanty et al.66 reported no degradation of a series small molecules 
based long alkyl tether quaternary ammonium groups in 1 M NaOH at 60 ℃. The ionic 
conductivity loss of alkyl quinuclidium in this study may have been caused by the low 
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number of bound water molecules (Nbound) (i.e. 4) around the cation/anion groups 
resulting in a higher local OH- concentration accelerating the degradation.  
5.2.3.4 Thermal stability 












































Figure 5.6 TGA curves of the membranes with alkyl trimethylammonium, quinuclidium, 
phosphonium cations under nitrogen. 
Figure 5.6 showed the thermal degradation behavior of the membranes with the 
three cations in the hydroxide ion form via TGA. All the four samples showed a three-
stage degradation upon heating under nitrogen. The initial weight loss below 100 ℃ was 
attributed to the evaporation of bound water in the membrane, which is not membrane 
degradation. The first degradation stage was the thermal degradation of ionic exchange 
groups which occurred at slightly different temperatures for the three cations. The 
starting temperatures for degradation were 180, 200, and 190 ℃ for trimethylammonium, 
quinuclidium, and tris(2,4,6-trimethoxyphenyl)phosphonium cations, respectively. The 
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second stage was the thermal degradation of long alkyl side chains in the temperature 
range of 250 to 400 ℃. Above 400 ℃, the degradation of polymer backbone occurred. 
The thermal degradation was not affected by the film casting method, as the chemical 
structure of the X3Y7-A1 and X3Y7-A2 were the same. All of the membranes are 
thermally stable at the common operation temperature, below 100 ℃, which is of interest 
for fuel cells and electrolyzers.   
5.2.3.5 Mechanical properties 
Table 5.2 Mechanical properties of the membranes with alkyl trimethylammonium, 
quinuclidium, and tris(2,4,6-trimethoxyphenyl)phosphonium cations. 
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The mechanical properties of the membranes with the three cations in hydroxide 
ion form were obtained from the stress-strain curve, as summarized in Table 5.2. The 
membranes were soaked in deionized water. Excess water was wiped off the surface 
before the test. The values of the tensile strength, Young’s modulus, and elongation at 
break show that these membranes had adequate mechanical strength and flexibility to be 
considered for polymer electrolytes. The membrane with the quinuclidium cation showed 
the highest mechanical strength, while the membrane with tris(2,4,6-
trimethoxyphenyl)phosphonium showed the lowest. This can be explained by the water 
content (i.e. hydration number) in the membranes, as water might act as a plasticizer to 
degrade the quality of the film. In addition, the bulky structure of the phosphonium cation 
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also reduced the flexibility of the polymer chains, which results in lower elongation at 
break and more brittle membranes. It was also observed that the solvent casting method 
affected the mechanical properties of the membrane. X3Y7-A2, quaternized before 
solvent casting, showed better mechanical properties than X3Y7-A1, quaternized after 
membrane casting. This is due to tighter entanglement and better rearrangement of 
polymer chains in the membrane if cast after quaternization.  
5.3 Conclusions 
Multiblock copoly(arylene ether)s based anion exchange membranes with alkyl 
tethered trimethylammonium (TMHA), quinuclidium (ABCO), and tris(2,4,6-
trimethoxyphenyl)phosphonium (TTMPP) cations were synthesized and characterized. 
The relationship of the size and structure of the cations with the morphology and 
properties of AEMs was investigated. A larger cation led to larger ion channels. However, 
larger cation also caused lower IEC and consequently lower ionic conductivity despite 
the channel size of the cation. Quinuclidium showed low water uptake with a lower 
number of bound water for each ion pair. Tris(2,4,6-trimethoxyphenyl)phosphonium 
showed high water uptake due to a large number of bound water. TMHA is the most 
stable cation after exposure to 1 M NaOH solution at 60 ℃ after 20 days, while 
quinuclidium showed a 22% ionic conductivity loss due to high hydroxide ion 
concentration in the local area of ionic groups caused by low bound water content. 
TMHA also had the best mechanical properties, while phosphonium was the poorest. 
Therefore, alkyl trimethylammonium appears to be the best cation head group among the 
three cations studied for this backbone. Finally, the membrane preparation method 
impacts the morphology and properties of the AEMs. Quaternization before membrane 
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casting resulted in better properties than quaternization after membrane casting due to 
greater phase segregation.  
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CHAPTER 6. ANION CONDUCTING IONOMERS FOR FUEL 
CELLS AND ELECTROLYZERS 
The work in this chapter was also contributed by John Ahlfield and Garrett Huang 
for fuel cell and electrolyzer fabrication and testing. 
6.1 Introduction and objectives 
The design of new anion exchange ionomers for use in electrochemical devices is 
a critical step in improvement of anionic fuel cells and electrolyzers. Although these 
materials share some targeted goals with anion exchange membranes (AEMs), there are 
several different property requirements. Since ionomers are used within electrode layers, 
they do not serve as a primary separator for fuel and air. Rather, they act as a transport 
facilitator in the electrode where a high degree of mass transport is required.  
 Fuel cells and electrolyzers electrodes can be fabricated by spraying a slurry of 
catalyst and ion conducting polymer (i.e. ionomer) onto a gas diffusion layer. The 
electrode is then bonded to the ion conducting membrane to form a membrane electrode 
assembly. Because ionomers and membranes serve different functions in the cell, the 
materials used for these functions should be different and optimized for each purpose. For 
example, the membrane should have low oxygen permeability and high mechanical 
strength while the ionomer for the air-cathode should have high oxygen permeability. 
Free-standing mechanical strength is not an issue for the ionomer. Some properties, such 




Figure 6.1 (a) Cathode hybrid fuel cell configuration and (b) alkaline electrolyzer 
configuration.70 
In previous AEM ionomers studies, the anion conducting ionomer was used in 
conjunction with an anion exchange membrane, which made deconvolution of ionomer 
from membrane performance difficult. For this study, a bipolar (or hybrid) cell 
configuration is used, Figure 6.1(a), in an attempt to combine the established PEM 
architecture with the advantages potentially offered by AEMs. In a bipolar configuration, 
the fuel cell (or electrolyzer) has one electrode operated at low pH while the other 
operates at high pH. The bipolar device offers advantages compared to fully acidic or 
alkaline fuel cells.71 It allows for the study and evaluation of AEM ionomers separately 
from anion exchange membranes, which has resulted in a few materials being developed 
explicitly as ionomers rather than membranes.  
 In this study, a series of anionic ionomers was synthesized and tested in fuel cells 
and electrolyzers. These ionomers are based on a series of materials which include block 
copolymer AEMs with alkyl tethers that have been modified to be used as anion 
conductors. The newly synthesized ionomers tested for their viability as anion conductors 
in the cathodic electrode for the cathode hybrid fuel cell depicted in Figure 6.1(a) and as 
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the anodic electrode of an alkaline electrolyzer in Figure 6.1(b). In this case, the selected 
materials will be evaluated in both oxygen-consuming (i.e. oxygen reduction reaction 
(ORR)) and oxygen-producing electrodes (i.e. oxygen evolution reaction (OER)).  
6.2 Devices fabrication 
6.2.1 Fuel cell fabrication 
The membranes used in this study were Nafion 117, which was pre-treated by 
sequential boiling steps in 3% H2O2, H2O, 1 M H2SO4, and again in H2O. Each boil lasted 
approximately 1 hour. All membranes were stored in distilled water until MEA 
fabrication. A 5% Nafion dispersion in alcohol was used as the anodic PEM ionomer, 
while the cathodic AEM ionomer was varied among the choices in Table 6.1 and 
Tokuyama AS-4. All other chemicals were used as received. 
The PEM anode and AEM cathode were both fabricated via slurry method. The 
PEM anode slurry consisted of Pt/Ru alloy catalyst (75% metal weight), Nafion 
dispersion (15% by weight with respect to the catalyst), and a mixture of 
water/isopropanol. The slurry was sprayed onto hydrophilic Toray 2050 L carbon paper 
and dried at room temperature. The target metal loading was 4 mg/cm2 for this low pH 
electrode. The AEM cathode slurry contained a Pt/C catalyst (40% metal weight), anion 
exchange ionomer (10% weight with respect to catalyst), and dimethylformamide (DMF). 
The slurry was sprayed onto hydrophobic Toray TGPH-090 carbon paper and dried at 
room temperature. The target metal loading for the high pH electrodes was 2 mg/cm2. 
After drying, the electrodes were soaked in 0.1 M NaOH overnight to exchange 
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completely to OH– form. Finally, the electrodes were rinsed in distilled water to remove 
any excess OH– ions from the surface. 
 The membrane electrode assembly (MEA) was prepared by spraying 50 μL of a 
1:2 Nafion:IPA solution onto each electrode surface prior to assembly. Each electrode 
was then placed directly onto the prepared Nafion 117 film. The entire MEA was hot-
pressed for 10 min at 2 MPa and 60 °C. The MEA was placed into a BioLogic Fuel Cell 
Test Station FCT 150S. Humidified oxygen and hydrogen were fed at 55 °C to the 
cathode and anode at 25 and 10 sccm respectively. Electrochemical measurements were 
obtained using a Princeton PAR 2273 potentiostat/galvanostat. The device testing 
protocol consisted of 5 h chronoamperometry at 250 mV, followed by forward and 
reverse linear sweep voltammetry and electrochemical impedance spectroscopy taken at 
300 and 600 mV. This cycle was repeated 4 times for 20 h total run time. 
6.2.2 Electrolyzer fabrication 
The membrane used in this study was Tokuyama A201 for all devices. A 
commercially available AEM ionomer, Tokuyama AS-4, was used as a reference for 
comparison to the various synthesized anode ionomers. Prefabricated cathode HER 
electrodes with a proprietary design were provided by Proton OnSite and were used as 
received. 
The AEM electrolyzer anode was fabricated via a slurry method. The anode slurry 
consisted of an iridium oxide catalyst, ionomer, and dimethylformamide. The slurry was 
sprayed onto a platinized titanium gas diffusion layer (GDL) and dried at room 
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temperature. The target metal loading was 4 mg/cm2. An additional layer of ionomer (20% 
mass of slurry) was sprayed on top of the catalyst layer of the anode.  
The MEA was prepared by soaking electrodes and membrane in 0.5 M NaOH for 
approximately 2 h prior to testing to exchange the materials completely to OH– form. 
Each electrode was stacked vertically in a heated cell block with cathode on bottom, 
followed by membrane, and finally anode. Deionized water was fed to the anode side of 
the cell to reduce water content in the product hydrogen. Electrochemical measurements 
were obtained using a Princeton PAR 2273 potentiostat/galvanostat. The device testing 
protocol consisted of a 24 h chronopotentionmetry at 200 mA/cm2, followed by a forward 
linear sweep voltammetry and electrochemical impedance spectroscopy taken at 1.8 V. 
This cycle was repeated until either the cell voltage reached a 3 V cutoff threshold or 
some other technical failure which shortened the duration of the experiment. Typical 
runtime for each cell was approximately 100 h. 
6.3 Results and Discussion 
6.3.1 Synthesis of anion exchange ionomers 
The low molecular weight anion conducting ionomers were synthesized as 
described in Chapter 2. The ionomers include hydrophilic oligomer based homopolymers 
and multiblock copolymers with one or two long alkyl chain tethered quaternary 





Figure 6.2 Structure of poly(aryl ether) homo- (a) and block- (b) copolymers used in this 
study. 
Table 6.1 Description of ionomer samples. 
Sample Name Description 
3k1T 3k MW hydrophilic oligomer, 1 tether 
3k2T 3k MW hydrophilic oligomer, 2 tether 
4k2T 4k MW hydrophilic oligomer, 2 tether 
19k2T 19k MW hydrophilic oligomer, 2 tether 
33k2T 33k MW hydrophilic oligomer, 2 tether 
B20k1T 20k MW block copolymer, 1 tether 
B20k2T 20k MW block copolymer, 2 tether 
 
The AEM ionomers are summarized in Table 6.1. Variations of each of class of 
materials will be tested in-situ in both fuel cell and electrolysis devices. The 
homopolymers vary in molecular weight from 3 kDa – 33 kDa, and select samples also 
contain either 1 or 2 ionic groups per monomer in order to vary the IEC for similar 
samples. The sample names denote the molecular weight of each sample (i.e. 3k), the 
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number of tethers per monomer unit (1T or 2T), and whether it is a copolymer (indicated 
by B). 
6.3.2 Fuel Cell Testing 
The polarization curves after 20 h operation are shown in Figure 6.3 for the 
samples achieving the highest overall power densities, 3k1T and 4k2T. These results 
support the hypothesis that lower molecular weight ionomers exhibit superior 
performance to higher molecular weight samples, as shown in an earlier study.72 
  
Figure 6.3 Polarization curves for the highest performing ionomers. 
However, the performance does not solely correlate with ionomer molecular 

















































each ionomer sample tested. For the oligomeric samples consisting of only the 
hydrophilic material, it is clear that increasing molecular weight results in decreased 
power output. The block copolymer sample breaks that trend, far outperforming the 
oligomer sample of similar molecular weight (19k2T), and in fact exhibiting power 
output much closer to the lower molecular weight ionomers tested. 
Table 6.2 Peak power density for every ionomer sample. 
Sample 












Figure 6.4 Equivalent circuit for CPE model. 
To probe this result further, electrochemical impedance spectroscopy (EIS) data 
was collected for each device at 300 mV. The data was analyzed using a model consisting 
of two parallel resistance-capacitance circuit elements, one representing the anode and 
one representing the cathode, and a series resistance representing all other ohmic losses 
(Figure 6.4). The low- and high-frequency loops are attributed to the cathode and anode 
respectively.73 The high-frequency intercept is the smallest total resistance collected and 
is taken to be the sum of the membrane ionic resistance, contact resistance with any 
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electrical hardware, and interfacial resistance between the electrodes and the membrane 
(i.e. resistive part of the two parallel RC elements). Because the same membrane and 
hardware was used for all devices, any detectable differences in the high-frequency 
intercept can be attributed to the varying interfacial quality between the electrodes and 
the membrane. Table 6.3 shows the high-frequency resistance at each testing interval for 
the samples. For the samples which have identical molecular weights but varying number 
of ionic head groups, the 1 tether samples showed significantly lower interfacial 
resistance, approximately 0.4 Ω less than their 2 tether counterparts. This may be due to 
the critical role the ionic density plays in the interfacing of membranes and electrodes. 
Table 6.3 High-frequency intercept values (in Ω) at every testing interval. 
Ionomer PPD (mW/cm2) 0 h 5 h 10 h 15 h 20 h 
4k2T 46.9 1.37 0.83 1.01 1.01 1.03 
3k1T 40.5 1.11 0.27 1.01 1.00 0.99 
3k2T 38.1 3.61 1.84 1.56 1.46 1.37 
B20k1T 35.9 0.87 0.86 0.83 0.83 0.84 
B20k2T 33.9 1.89 1.51 0.26 0.26 1.23 
19k2T 19.4 1.38 1.27 1.20 1.18 1.14 
33k2T 14.7 1.97 1.82 1.84 1.88 1.89 
 
 In addition to measuring the interfacial resistance, EIS can also be used to 
determine the resistance within the electrode layers (i.e. ohmic resistance in each of the 
two RC parallel networks), typically denoted as charge transfer resistance. These data are 
tabulated in Table 6.4. After 20 h, the samples with smallest charge transfer resistance are 
those which had the highest power output. However, the block copolymer sample with 2 
tethers showed consistently lower charge transfer resistance than its 1 tether counterpart, 
while the 3k oligomer samples showed very similar values to each other. 
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0 h 5 h 10 h 15 h 20 h 
4k2T 46.9 9.50 2.25 0.55 0.55 0.56 
3k1T 40.5 0.73 1.09 0.68 0.63 0.66 
3k2T 38.1 1.22 0.39 0.65 0.63 0.61 
B20k1T 35.9 1.03 1.15 1.16 1.18 1.23 
B20k2T 33.9 4.00 0.92 0.99 0.99 0.85 
19k2T 19.4 2.68 3.82 3.54 3.04 2.93 
33k2T 14.7 3.16 3.14 3.52 3.92 4.00 
 
 The summation of the resistances in Tables 6.3 and 6.4 provides a clear trend – 
the power output of each device increased as the total resistance decreased. The 
composition of the resistances may provide a blueprint to further anion conducting 
ionomer materials. The block copolymer sample with a single head group tether provided 
the lowest interfacial resistance, while lower molecular weight samples exhibited lower 
charge transfer resistance. For future optimization of these materials, controlled 
morphologies of low molecular weight polymers should provide an improvement in 
overall device performance. 
6.3.3 Electrolyzer Testing 
Results of an initial 12 h aging survey of all ionomers are shown in Figure 6.5. 
Long-term chronopotentiometry data is provided in Figure 6.6 for the three best 
performing ionomers, 3k2T, 4k2T and B20k2T. Tokuyama AS-4 data is also provided as 
a reference. Lower cell potential during chronopotentionmetry is indicative of a more 
efficient water electrolysis process (smaller overpotentials) and therefore a better 
performing ionomer. Among the hydrophilic oligomeric materials, lower molecular 
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weight materials were found to have superior performance than higher molecular weight 
samples. Table 6.5 shows cell potentials of all ionomer samples at 200 mA/cm2 after 12 
h of constant current aging. It was found that the 2-tether versions (i.e. 2T) of these 
ionomers were also better performing than their 1-tether counterparts. Both of these 
results are consistent with what was found in fuel cell configuration. 
Table 6.5 Cell potential (in V) for every ionomer sample after 12 h at 200 mA/cm2. 
Samples with * did not complete the full 12 h experiment and cell potential is based on 
measurement just before cell failure. 









Several factors influenced which ionomer samples were down selected for 
extended aging. The 1-tether samples were immediately omitted from extended testing 
due to their inferior performance compared to the 2-tether versions during the initial 
performance evaluation as shown in Figure 6.5. The high molecular weight ionomer 
samples were also found to be unsuitable for long term testing largely due to mechanical 





Figure 6.5 Initial 12 h survey of all ionomers. 
When performing the extended aging experiments, it was found that many of the 
tests needed to be terminated prematurely due to the mechanical durability of the 
Tokuyama A201 membrane. This membrane typically formed small pin holes across the 
entire active area within 40-100 hours of aging which would cause short circuiting in the 
MEA. Therefore, the observed performance degradation of the ionomer cannot easily be 
deconvoluted from the effects of the short circuiting. This is most relevant to the block 
copolymer sample which was not aged to the same extent as the other ionomer samples 
for this reason. Nevertheless, this material outperformed all of the other ionomers, 
including the commercial ionomer AS-4.  It should be noted that it is unlikely that 
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have all been demonstrated to be stable at this time scale in alkaline conditions in a 
previous study.65  
 
 
Figure 6.6 Extended aging data for the highest performing ionomers. Discontinuities in 
potential indicate when chronopotentiometry experiment was interrupted to perform EIS 
and voltammetry measurements. 
 Electrochemical impedance spectroscopy (EIS) data was collected for the top 
performing cells approximately every 24 h throughout the duration of each experiment. 
As in the fuel cell experiments above, the same membrane and hardware was used for all 
devices, therefore any detectable differences in the high-frequency intercept can be 

























Table 6.6 shows the high-frequency resistance for the first 48 h of testing for the high 
performing samples.  
Table 6.6 High-frequency intercept values (in Ω-cm2) through the first 48 h of testing. 
Ionomer 0 h 24 h 48 h 
Cell Potential 
(V @ 200 mA/cm2 
after 48 h) 
B20k2T 0.445 2.290 3.193 2.352 
AS-4 0.422 0.930 2.022 2.383 
4k2T 0.611 2.214 2.120 2.689 
3k2T 0.448 2.259 2.557 2.845 
 
 There was little discernable difference among interfacial resistances of the best 
performing cells through the first 48 h of experimentation, prompting us to investigate the 
resistance within the electrode layers. This is typically referred to as the charge transfer 
resistance and can be extracted from the EIS data using an appropriate model. For a 
system with two different time constants, a first approximation can attribute each to an 
electrode process: the hydrogen evolution reaction (HER) at the cathode and the oxygen 
evolution reaction (OER) at the anode.74 The experimental impedance measured in this 
study have been modeled using a resistor and two constant phase elements (CPE) 
connected in series to approximate the interfacial resistances and each electrode charge 
transfer resistance, respectively (Figure 6.4). The difficulty with this approach is that for 
a non-ideally polarized electrode with irreversible uniform charge transfer, the CPE is 
coupled not only to the solution resistance but also the charge-transfer resistance (or more 
generally to the faradaic impedance), if it is caused by heterogeneity of the electrode 
surface.75 For these reasons, our model was not able to definitively assign resistance 
contributions to each electrode process. Still, the low-frequency intercept of the EIS data, 
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should provide some insight as it is determined by the collective contributions of the 
charge transfer resistances as well as the interfacial resistances. To our knowledge, this 
level of EIS analysis has not been widely reported on AEM electrolysis cells. However, 
our results in Table 6.7 clearly show that the cells with the lowest charge transfer 
resistance are unsurprisingly also the cells that performed the best through 48 h of testing. 
Table 6.8 shows the difference of the low-frequency and high-frequency value, which 
would normally be a measure of the charge transfer resistance assuming ideal behavior. 
Table 6.7 Low-frequency intercept values (in Ω-cm2) through the first 48 hours of testing. 
Ionomer 0 h 24 h 48 h 
Cell Potential 
(V @ 200 mA/cm2 
after 48 h) 
B20k2T 1.090 8.711 11.080 2.352 
AS-4 1.504 2.619 9.305 2.383 
4k2T 2.316 25.715 25.183 2.689 
3k2T 1.618 23.988 27.192 2.845 
 
Table 6.8 Charge transfer resistance values (in Ω-cm2) through the first 48 hours of 
testing. 
Ionomer 0 h 24 h 48 h 
Cell Potential 
(V @ 200 mA/cm2 
after 48 h) 
B20k2T 0.645 6.421 7.887 2.352 
AS-4 1.082 1.689 7.283 2.383 
4k2T 1.705 23.501 23.063 2.689 
3k2T 1.170 21.729 24.635 2.845 
 
 Comparing the low-frequency resistances of the two best performing materials, 
the commercial ionomer Tokuyama AS-4 had the lowest measured charge transfer 
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resistance yet it still did not perform as well as the block copolymer ionomer. We believe 
that the introduction of a hydrophobic block promotes systematic phase segregation, 
which allows the hydrophilic block to create more efficient ion conduction and gas 
diffusion channels. From this it can be inferred that the electrolyte wetting of the 3-
dimensional interfacial area in the gas diffusion electrode is increased, thereby reducing 
mass transfer resistances and improving the overall cell performance. For future 
optimization of these materials, an investigation of the specific morphologies of block 
copolymers should drive improvement in device performance. 
6.4 Conclusions 
 In this work, a new set of anionic conductive ionomers was tested for its viability 
in both oxygen consuming (fuel cell) and oxygen producing (electrolysis) electrodes. The 
two sets of results show similar trends – for a homopolymer, lower molecular weight 
materials provide superior performance compared to their higher molecular weight 
counterparts. Additionally, the introduction of phase segregation via block copolymer 
further increased performance in both types of devices. Future work on optimizing 
anionic ionomer materials in oxygen-based electrodes should be focused on reducing the 




CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
7.1 General conclusions 
Multiblock copolymers with partial fluorination and long head-group tethers was 
designed to improve the ionic conductivity, the alkaline stability, and lower water uptake 
of AEMs. A systematic study of the effect of the hydrophilic and hydrophobic block 
lengths and ion exchange capacity of partially fluorinated multiblock copolymer mPEs 
with long head-group tethers was undertaken to explore the relationship of the chemical 
structure, morphology and properties of the AEMs. The formation of ion conductive 
nano-channels for hydroxide ion transport due to nanophase separation of the multiblock 
copolymers greatly improved the ionic conductivity and reduced the water uptake. 
Multiblock copolymer mPE-X5.4Y7-2 showed the highest ionic conductivity, 119 mS/cm 
at 80 ℃, but not the highest IEC, because it formed efficient channels. Partial 
fluorination of the polymer backbone was used to lower water uptake of the membrane 
by increasing the hydrophobicity. From DSC measurements of the number of freezable 
water and bound water molecules, the number of bound water molecules per ion of two-
tether polymers was 4.5 to 5. In addition, the bound water played the dominant role in the 
hydroxide ion transport within the channels. The multiblock copolymer AEM showed 
good thermal, mechanical stability and excellent alkaline stability. Long head-group 
tether was used to improve the chemical stability of the membrane at high pH, as this 
structure prevents several possible degradation mechanisms of the commonly used 
benzylic structure. The ionic conductivity was hardly changed after soaking the 
membrane in 1 M NaOH solution at 60 ℃ for 1000 h. The mPEs AEM with higher ionic 
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conductivity showed lower oxygen diffusivity and permeability, which means that the 
oxygen crossover problem was less severe.   
Second, the effect of the number of ionic groups in the hydrophilic segment on 
the morphology and properties of AEMs was studied. Multiblock copoly(arylene ether)s 
(mPEs) were synthesized with different ion exchange capacity (IEC) by attaching a 
different number of cationic head-groups via long alkyl chain tethers. The multiblock 
copolymer mPEs with 1, 2, 3 and 4 long alkyl chain tethered ionic groups on each repeat 
unit in hydrophilic block, resulting in different IECs, were compared. Only one head-
group tether can be attached on each hydrophilic repeat unit at a time. Thus, the tether 
amount can be precisely controlled. As the ionic concentration increased, the ionic 
conductivity and water uptake of the membranes increased. This was due to the increase 
of the size of ion conductive channels. 3-tether membrane showed the highest ionic 
conductivity/IEC, which means that its ionic groups were most efficient for contributing 
to the ionic conductivity. In addition, the number of freezable and non-freezable water 
molecules were investigated. 2, 3, 4-tether membrane showed similar number of bound 
water, while the number of freezable water increased with the number of ionic groups. 
The excess freezable water led to high water uptake and low ionic conductivity/IEC ratio. 
Therefore, 3-tether membrane showed the best properties, 130.6 mS/cm ionic 
conductivity and 58.3% water uptake, with an IEC of 1.83 meq/g. As the number of ion 
groups increased, the mechanical strength of the membranes declined.    
Third, the effect of the cationic groups (i.e. size, central atom, etc.) was 
investigated. Multiblock copoly(arylene ether)s (mPEs) with partial fluorination and two 
long alkyl head-group tethers on each hydrophilic repeat unit with quaternary trimethyl 
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mmonium (TMHA), quinuclidium (ABCO), and tris(2,4,6-
trimethoxyphenyl)phosphonium (TTMPP) were synthesized. Their morphology and 
properties (i.e. ionic conductivity, water uptake, alkaline stability, mechanical and 
thermal properties) were compared in order to understand the effects of the size and type 
of cations on the morphology and physical properties. A larger cation led to larger ion 
channels. However, larger cation also caused lower IEC and consequently lower ionic 
conductivity despite the channel size of the cation. Quinuclidium showed low water 
uptake with a lower number of bound water for each ion pair. Tris(2,4,6-
trimethoxyphenyl)phosphonium showed high water uptake due to a large number of 
bound water. TMHA is the most stable cation after exposure to 1 M NaOH solution at 60 ℃ 
after 30 days, while quinuclidium showed a 22% ionic conductivity loss due to high 
hydroxide ion concentration in the local area of ionic groups caused by low bound water 
content. TMHA also had the best mechanical properties, while phosphonium was the 
poorest. Therefore, alkyl trimethylammonium appears to be the best cation head group 
among the three cations studied for this backbone. In addition, the membrane preparation 
method impacts the morphology and properties of the AEMs. Quaternization before 
membrane casting resulted in better properties than quaternization after membrane 
casting due to greater phase segregation.    
Lastly, a series of anionic ionomers was synthesized and tested in fuel cells and 
electrolyzers. These ionomers are based on a series of materials which include block 
copolymer AEMs with alkyl tethers that have been modified to be used as anion 
conductors. The ionomers were tested for their viability as anion conductors in the 
cathodic electrode for the cathode hybrid fuel cell and as the anodic electrode of an 
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alkaline electrolyzer. In this case, the selected materials will be evaluated in both oxygen-
consuming (i.e. oxygen reduction reaction (ORR)) and oxygen-producing electrodes (i.e. 
oxygen evolution reaction (OER)). The two sets of results show similar trends: for a 
homopolymer, lower molecular weight materials provide superior performance compared 
to their higher molecular weight counterparts. Additionally, the introduction of phase 
segregation via block copolymer further increased performance in both types of devices.  
7.2 Suggested future works 
7.2.1 Hydro-carbon backbone structure 
As discussed in Chapter 1.2, chemical stability of anion exchange membranes at 
high pH is one of the most crucial obstacles to its wide application in electrochemical 
devices. Polymer backbone stability is of vital importance of AEM alkaline stability. 
Various polymer backbone structures including polyphenylenes,41 poly(phenylene 
oxide)s,28, 42 poly(arylene ether sulfone)s,40 and poly(arylene ether)s44 have been used, 
and their alkaline stability and degradation mechanism have also been investigated. 
Recent study indicates that polymer backbones with only hydrocarbon structure, 
which gets rid of any aryl ether, sulfone, or ketone groups, show excellent alkaline 
stability at 80 ℃ without any reported IEC or ionic conductivity loss and any degradation 
from NMR analysis. Lee et al.26 synthesized fluorene-based AEMs with only 
hydrocarbon structures in polymer backbone, which showed excellent alkaline stability 
and no structural change from NMR analysis after soaking in 1 M NaOH solution at 80 ℃ 
for 30 days. Mohanty et al.76 prepared polystyrene-b-poly(ethylene-co-butylene)-b-
polystyrene (SEBS) triblock copolymer based elastomeric AEMs with benzyl- and alkyl-
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substituted quaternary ammonium groups for fuel cell applications. Their results showed 
that after 4 weeks in 1 M NaOH at 80 ℃, the membranes remained chemically stable. In 
addition to good chemical stability in alkaline media owing to its absence of aryl ether 
bonds, SEBS also provide good mechanical properties with its rubbery ethylene-butylene 
block and enhanced ion conductivity via nano-phase segregation of its block copolymer 
structure. A perfluorinated anion exchange membrane77, which has similar backbone 
structure as Nafion, was also reported with excellent chemical stability. Other hydro-
carbon backbone structures, such as polypropylene53 and polyethylene73, were also 
reported to exhibit excellent alkaline stability. 
Therefore, hydro-carbon backbone structure is highly recommended. Some 
possible candidates can be considered in the future, including poly(norbornene), 
poly(styrene-ethylene-butylene-styrene) (SEBS), etc. 
7.2.2 Long alkyl side chain tethered quaternary trimethylammonium or aliphatic-
heterocyclic quaternary ammonium cations 
Apart from polymer backbone stability, cationic group stability is another 
important issue of AEM materials. Quaternary ammoniums are still the most commonly 
employed cationic groups. The quaternary benzyl trimethyl ammonium (BTMA) is 
widely acknowledged as the benchmark, but it has been reported to be unstable under 
alkaline condition at high pH.  
However, long alkyl side chain tethered trimethylammonium groups have 
demonstrated superior alkaline stability. This has been demonstrated in Chapter 3 in this 
work. In addition, Bae and co-workers27 analyzed the byproducts after degradation of a 
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variety of cationic groups attached on small molecule benzene via NMR. They reported 
that TMHA (hexyl chain tethered trimethyl ammonium) showed the greatest stability 
after alkaline degradation under 60 ℃ and 120 ℃, which was much better than the well-
known BTMA. This long alkyl side chain structure also facilitates the phase segregation 
of the polymers, which improves the formation of the ion-conducting channels within the 
membrane. Dang and co-workers28 showed that a five-carbon tether performed the best 
by comparing different cationic alkyl side chain designs. Therefore, such long alkyl 
tethered quaternary trimethyl ammonium structure is highly recommended in future 
structure design.  
Aliphatic-heterocyclic quaternary ammonium cationic groups have also attracted 
a lot of interests recently, as these structures contain β-H with the C-C bond rotationally 
restricted by the ring geometry which may provide good alkaline stability. Varcoe and 
co-workers78 compared the stability of AEMs with various cycloaliphatic benzyl 
quaternary ammonium groups, and it turned out that the N-methylpiperidinium and N-
methylpyrrolidium showed better alkaline stability than BTMA. Especially, N-
methylpyrrolidium AEM exhibited the highest relative chemical stability, conductivity, 
and in situ fuel cell performance. However, this work used the benzylic linkage between 
the polymer backbone and the head groups, which may be attacked by hydroxide ions. 
Therefore, long alkyl chain tethered N-methylpyrrolidium head-group structure is 
recommended for future work. Dang et al.79 reported that poly(phenylene oxide)s 
carrying quaternary piperidinium cations via a hexyl-tether exhibited very high ionic 
conductivity (up to 69 and 186 mS/cm at 20 and 80 ℃) and no degradation from NMR 
analysis after storage in 1 M NaOH at 90 ℃ during 8 days. Lin et al.80 also reported a 
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triblock copolymer with the long alkyl chain tethered quaternary N-methylpiperidinium 
groups showed ionic conductivity up to 105 mS/cm at 80 ℃ and high retention of 
hydroxide conductivity (88.9%) and IEC (91.2%) after storage in 1 M KOH solution at 
80 ℃ for 480 h.  
In summary, it is recommended that long alkyl chain tethered quaternary 
ammonium groups, either trimethylammonium or cycloaliphatic quaternary ammonium 
(N-methylpiperidinium and N-methylpyrrolidium), are used for excellent ionic 
conductivity and alkali stability in future work. Combining the hydro-carbon backbone 
and these cation groups will provide AEM materials with superior alkaline stability while 
retaining high ionic conductivity, which will promote the wide commercialization of 
AEM materials.  
7.2.3 Strong mechanical strengths and dimensional stability of AEMs from cross-linking 
and interpenetrating network 
Strong mechanical properties and dimensional stability are highly desired for 
anion exchange membranes. Mechanical stability of AEMs is essential during the 
membrane fabrication process and device operation since a pressure difference usually 
exists between the two electrodes. Traditionally, the preparation of AEMs is usually 
based on post-modification of pristine polymers, followed by quaternization via 
immersing the membranes into a trimethylamine aqueous solution. Membranes made this 
way usually do not exhibit enough mechanical strengths.  
Cross-linking has been widely used for preparing AEMs with improved 
dimensional stability. The most common cross-linking strategy is connecting polymer 
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matrix using cross-linkers such as diols, dihalides, diamine and hydrazoate.81-82 Lin et 
al.83 presented a strategy for preparing crosslinked AEMs without using catalyst and the 
crosslinked moiety is away from the ionic domain in order not to affect the ionic 
conductivity. The crosslinking was carried out by converting the trifluorovinyl groups 
into perfluorocyclobutane groups via thermal treatment. Lai et al.84 enhanced dimensional 
stability of AEMs via cross-linking of ion cluster regions. Click reaction was also 
reported to be used for end-group cross-linking for anion exchange membranes. It has 
been shown that cross-linking is effective in enhancing the mechanical strengths of 
AEMs, the ionic conductivity of these membranes, however, may be confined due to the 
tortuous ionic channels.  
Interpenetrating polymer networks (IPNs) or semi interpenetrating polymer 
networks (sIPNs), as shown in Figure 7.1, are used to improve the mechanical strengths 
and dimensional stability of AEMs. IPNs are unique class of polymer alloys, consisting 
of two or more cross-linked polymers with no covalent bonds or grafts between them. 
sIPNs are polymeric composites obtained by interpenetrating of a linear or branched 
polymer within a network of another covalent cross-linked polymer.11 IPNs and sIPNs 
possess excellent electrochemical and mechanical properties since the aggregation of 
hydrophilic and hydrophobic polymer segments may induce dual-phase continuity 
structure. Meanwhile, the unique dynamically forced compatibility feature of IPNs could 
decrease macro-phase segregation between different polymer components in the 
membranes to provide dimensional stability.85 However, the ionic conductivity of the 
membranes may be limited due to the tight interlock of polymer chains feature restricting 




Figure 7.1 Sketch of a semi-interpenetrated polymer network (left) and an interpenetrated 
polymer network (right).11 
Lin et al.85 prepared the thermoplastic interpenetrating polymer network (TIPN) 
anion exchange membranes (AEMs) based on poly [2,2’-(p-oxydiphenylene)-5,5’-
bibenzimidazole] (OPBI) and poly(1,2-dimethy-3-allylimidazolium) (PDAIm) 
(PBI/DAIm TIPN) with DAIm polymerization in presence of OPBI polymer chains. Two 
kinds of uncrosslinked polymer chains (i.e. PDAIm and OPBI) interpenetrate with each 
other to form a physically crosslinking network, which provided the AEM with low 
swelling ratio (4.4%) and high tensile strength (48.2 MPa). 
In summary, cross-linking and interpenetrating polymer network are two effective 
methods to improve the mechanical strength and dimensional stability of anion exchange 
membranes with certain degree of sacrifice of ionic conductivity. High IEC polymeric 
AEMs are strongly recommended to incorporate these methods to achieve an excellent 
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